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Abstract 
Phosphorus (P) deficiency can be challenging to diagnose and its impact on beef 
production difficult to quantify. However, an indicator of wet season P has been 
identified as a major factor affecting the reproductive performance of beef breeding 
females across northern Australia (McGowan et al., 2014). Faecal near infrared 
reflectance spectroscopy (FNIRS, to estimate dietary metabolisable energy (ME)) 
and wet chemistry (to estimate faecal P (FP)) are methods used to create a newly 
developed ratio of faecal phosphorus to metabolisable energy (FP:ME) to assess the 
risk of P deficiency adversely affecting the reproductive performance of beef 
breeding herds. This study investigated property-level environmental, management 
and animal factors affecting wet season FP:ME under extensive grazing conditions. 
Pooled faecal samples were collected over the wet season (November, January, 
February, April) for three years from commercial beef breeding mobs managed on 
78 properties located across northern Australia. Animal, management and 
environmental information was subjected to univariate and multivariate analysis to 
identify those factors that significantly influenced wet season FP:ME. The three 
major factors affecting the likelihood of FP:ME being less than 500mgP/MJME, i.e. 
where the risk of wet season P deficiency was considered to adversely affect the 
reproductive performance of heifers and cows, were the soil P classification of the 
property according to McCosker and Winks (1994), an early onset of the wet season, 
and the duration of wet season P supplementation. In locations where soil P had 
been historically categorised as “acute and deficient” the prevalence with which the 
wet season FP:ME was considered to adversely affect reproductive performance 
was 42% greater than for locations categorised as “adequate” (Odds ratio 
(OR)=17.8; p=0.002). When the onset of the wet season was “normal to late” the 
prevalence of an adverse effect on reproductive performance was 27% greater than 
when the wet season onset was “early” (i.e. before 15th September) (OR=5.4; 
p=0.002). Where properties provided a P supplement for greater than one month 
during the wet season the prevalence of an adverse effect was 25% greater than 
when wet season P supplement was provided for one month or less (OR=4.7; 
p=0.048). As only 22% of producers provided wet season P supplement for more 
than one month and of them, 68% were located on soil types acutely deficient in P, it 
is suggested there has been a confounding of the “duration of wet season P 
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supplementation” result by soil P classification and producer awareness of breeder 
requirements for wet season P supplementation.  Further research is required to 
define the direct and modifying effects of each of these factors on the FP:ME ratio. 
This study has served to identify the main factors affecting the FP:ME and may 
assist in the decision-making process for management strategies to reduce the risk 
of P deficiency adversely affecting the reproductive performance of beef breeding 
females in northern Australia for example, minimising P supplementation in years of 
early wet season onset with follow up rain.  
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Mg  – magnesium 
N  – nitrogen 
ND  – northern downs country type 
NF  – northern forest country type 
P  – phosphorus 
PiP  – plasma inorganic phosphorus 
SF  – southern forest country type  
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“Factors affecting the faecal P status of lactating beef cattle 
in Northern Australia” 
1.0 Introduction: 
Phosphorus (P) is the third most essential nutrient after energy and protein in 
rangeland beef cattle in Northern Australia. Much of the pasture grazed in Northern 
Australia is classified as very marginal or inadequate in P for animal production 
(Rose, 1948; Rose, 1954; Barnes, 1955; Coates et al., 1990; McCosker and Winks, 
1994; Miller et al., 1997; Coates and Dixon, 2009). P is required throughout the body 
for the maintenance of bone and organ structure and function, growth, milk 
secretion, and energy metabolism (CSIRO, 2007). The primary effect of P deficiency 
is depressed food intake, which in turn adversely affects ovarian function and 
probability of conception (Ternouth and Sevilla, 1990).  
The lactating cow has been identified as being at high risk of suffering from P 
deficiency, particularly when lactation extends into the dry season resulting in the 
need for mobilisation of body tissue reserves which may not be able to be replace 
before the next calving (Ternouth, 1990). The reproductive performance of cows is 
generally not affected until a low P diet has been consumed for over one cycle/year 
(Call et al., 1986; Williams et al., 1991). In the short-term requirements for P in the 
face of dietary P deficiency can be buffered by mobilisation of bone and tissue P 
reserves (Karn, 2001; Holtenius and Ekelund, 2005; Ekelund et al., 2006). Once 
these reserves are exhausted sub-clinical or clinical signs of P deficiency may occur. 
Whilst any lactating cow is at risk, first lactation cows have been identified as the 
most vulnerable to sub-optimal reproductive performance due to P deficiency due to 
the added requirements of skeletal growth (McGowan et al., 2014). 
As protein and energy requirements are generally met during the north Australian 
wet season, P becomes the nutrient most limiting to production at this time. In order 
to meet this nutritional deficiency it is currently recommended to increase dietary P 
through P fertilisation of pastures or, more commonly in extensive grazing systems, 
the direct feeding of a P supplement (Jackson et al., 2012). However, even in the 
country types known to be at high risk of being P deficient (Northern Downs and 
Forest) a P supplement was fed during the wet season in only about 50% of 
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property-years studied by McGowan et al (2014). Quigley et al. (2015) suggested 
that low P supplementation adoption rates are due to the lack of a reliable diagnostic 
tool to determine dietary P content in relation to other dietary constituents with 
threshold levels for determining sub-optimal reproductive performance and/or when 
an economic response to P supplementation will occur.  
Current measures used for the diagnosis of insufficient dietary P include blood, 
bone and faecal P. Plasma inorganic phosphorus (PiP) has a defined relationship 
with dietary P intake, particularly at low levels at the end of the growing season (wet 
season) in young/growing animals (Bravo et al., 2003; Dixon and Coates, 2010; 
Jackson et al., 2012). However, PiP is affected by mobilisation of P from body stores 
which is likely to occur during lactation and thus it may not be appropriate for 
assessing P status of lactating cows (Jackson et al., 2012). PiP is also affected by 
the dietary N content and growth rate (Dixon and Coates, 2010; Jackson et al., 2012; 
Quigley et al., 2015). Cortical bone thickness, specific gravity and P content of 
cortical bone biopsies have been reported to be indicative of the P status of cattle 
(Little, 1972; Little, 1984). However, there is little standardisation and the method is 
invasive and not practical for commercial measurement (Quigley et al., 2015). A 
large amount of research has also concluded that measurement of faecal P alone is 
not an accurate indicator of whether a response to fertilisation or P supplementation 
of breeding cattle will result in a significant improvement in performance (Winks et 
al., 1977; Holechek et al., 1985; Read et al., 1986c; Wadsworth et al., 1990; 
Ternouth and Coates, 1997; Karn, 2001; Dixon and Coates, 2010; Jackson et al., 
2012).  
As the requirements for P are usually dependant on sufficient energy and protein 
it would be logical to measure faecal P in relation to either of these dietary elements. 
The suggestion of FP:ME being a good indicator of dietary P status is based on 
research conducted at Springmount and Lansdown in north Queensland. After the 
removal of P supplements from pasture fed cattle(native pastures, improved 
pastures and legumes) a clear relationship between faecal P and dietary P 
concentration was identified (Dixon and Coates, 2010). Cohen (1974) found that diet 
DMD and faecal P in a multiple regression model improved the prediction of dietary 
P concentration and suggested that FP:ME should therefore be a good predictor of 
dietary P status. It is also suggested by Jackson et al. (2012), Dixon and Coates 
(2010) and McGowan et al. (2014) that the amount of dietary P required also 
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depends on the amount of energy (dry matter) an animal is consuming and so, the 
sufficiency of P can be estimated from the FP:ME ratio.  
The threshold value for P requirements of a 400kg lactating cow producing 5L 
milk/day and consuming pasture during the wet season with a DMD of 57% is 
410mgP/MJME Jackson et al. (2012). This is the level at which the concentration of 
P in faeces to the ME of the diet, calculated from the DMD meets the dietary P 
requirements. Below this level (410mgP/MJME) the cow is at risk of P deficiency 
adversely affecting performance. There has been considerable debate about the 
threshold value for FP:ME. However, McGowan et al (2014) demonstrated that when 
cows were consuming pasture during the wet season which resulted in a FP:ME of 
less than 500mgP/MJME there was a high risk of significantly reduced reproductive 
performance compared to when FP:ME was ≥500mgP/MJME.  This study will use 
the threshold value proposed by McGowan et al (2014). 
The major objective of this study was to identify the major environmental, 
management and animal factors that affect the ratio of faecal P to metabolisable 
energy, and in particular contribute to the FP:ME being less than 500mgP/MJME. 
This study aimed to describe the variation in FP:ME over different seasonal 
conditions across years in northern Australia, identify factors likely to affect the 
FP:ME ratio, describe the factors that significantly affect FP:ME 
(FP:ME<500mgP/MJME) and to quantify the impact of identified factors on the 
FP:ME status of lactating females. 
This study is a broad-scale investigation involving the univariate screening of 
environmental, management and animal data collated from 75 properties located 
across northern Australia followed by a multivariate analysis of factors with a 
significance greater than 0.25 to identify the major factors affecting the wet season 
(November – April) FP:ME ratio. The factors investigated include; Country type, 
minimum dry season pasture yield, dry season pasture quality, minimum wet season 
pasture yield, average wet season CP:DMD, average annual rainfall from a thirty 
year average, annual rainfall over the project period, timing of wet season onset and 
duration, soil P categories from McCosker and Winks, 1994 soil P map, provision of 
P supplementation as well as duration of supplementation, amount of P supplement 
fed, and the delivery method for the P supplement, wet season stocking rate, wet 
season beast per 2.5km buffered watered paddock area, percentage of paddock 
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burnt, percentage lactating animals annually and during the wet season only and the 
percentage of heifers and aged cows in mob.  
This thesis has been written as a traditional thesis with a literature review of the 
distribution of phosphorus adequacy regionally in northern Australia, the effect of 
limited P on reproductive performance of beef breeding females, sources of 
phosphorus, interactions with other elements, storage and mobilisation, current 
methods of assessing P status and current management strategies for areas at high 
risk of P deficiency. Chapter two details the materials and methodology used 
followed by the results chapter detailing findings for each factor investigated. Finally 
there is a discussion of the results in light of published findings and conclusion from 
the research completed. 
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2.0 Literature Review: 
2.1 Phosphorus requirements of beef breeding cattle 
Phosphorus is the third most essential nutrient after energy and protein in rangeland 
beef cattle in Northern Australia. It is present mainly as a major constituent of bone 
but also in cell walls, maintaining cellular structure within the entire body. 
Phosphorus (P) is present in DNA and RNA as well as being involved in a wide 
range of biochemical reactions, including energy metabolism, fatty acid transport, 
phospholipid synthesis, amino acid metabolism, and protein synthesis. As a result, P 
is required throughout the body for the maintenance of bone and organ structure and 
function, growth, milk secretion, and energy metabolism (CSIRO, 2007).  
The turnover of P is a constant process within the body. To enable P homeostasis to 
be maintained, the body has many “storage” pools of P that can be drawn upon 
when intake is limited. Figure 1, shows these pools, their relationships, and the 
transfer pathways used to transport P within an animal (Dias et al., 2011). 
 
Figure 1. Whole-body P metabolism model for growing ruminants (Adapted from (Dias et al., 2011). Note 
P is excreted in urine from cattle at low or negligible amounts. 
Much of the pasture grazed in Northern Australia is classified as very marginal or 
inadequate in P for animal production (Rose, 1948; Rose, 1954; Barnes, 1955; 
Coates et al., 1990; McCosker and Winks, 1994; Miller et al., 1997; Coates and 
Dixon, 2009). In times of low P intake, P is mobilised from bone and soft tissues to 
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make up for the deficiency (see 3.2.2). The salivary pool represents a large readily 
available source of P which is constantly turned over. It acts as a buffer by recycling 
large amounts of P, so that the quantity of P in the gastrointestinal tract is variable 
but may be as much as 3.0% of total body P (60g in a 300kg steer), to provide 
adequate P for the rumeno-reticular microbes (Witt and Owens, 1983; Ternouth, 
1990).  
The maintenance requirement of animals is normally calculated by the factorial sum 
of the quantities inevitably lost from the body as the endogenous excretions in the 
faeces and urine, and the quantities stored or secreted during growth, pregnancy 
and lactation over the true absorption of the mineral in the diet. This method does 
not take into account the requirements of the rumen microbes or the effect of P 
deficiency on the voluntary intake of the animal (CSIRO, 2007). The rumen microbial 
population has a requirement for P. Normally the rumeno-reticulum has 
concentrations of P between 200 and 600mg/L (Bryant et al., 1959; Witt and Owens, 
1983). When inorganic P levels are below 50-80mg/L microbial activity is reduced 
associated with a reduction in the breakdown of cellulose and hemicellulose 
(Komisarczuk et al., 1987).  The salivary gland plays a key role in maintaining P 
homeostasis (Gartner et al., 1982). In periods of low P intake, there is a large net 
secretion of 10-12g P/day into the rumen via saliva, as shown in Figure 1 (Poppi and 
Ternouth, 1979). The rumen microorganisms contain 2-6g P/kgDM representing 30% 
of total ruminal P outflow. However, availability of microbial P to the animal during 
digestion of the microbial nucleoproteins and phospholipids in the small intestine 
may be impaired by a pH greater than 6 (Playne, 1976). Regardless, the inorganic 
(unfilterable) P is absorbed under these conditions by both active transport and 
passive diffusion (Poppi and Ternouth, 1979). Phosphorus is excreted in the urine 
usually only when plasma inorganic P (PiP) levels are above 45-60mg/l (Challa et 
al., 1989; Bortolussi et al., 1996). Because urinary excretion only occurs when an 
excess of P is being absorbed it is not considered to have a significant contribution 
to the net endogenous loss of P from the body (CSIRO, 2007). On the other hand, 
ruminant animals have a minimum loss of endogenous P through faeces, which is 
highly significant when calculating P requirements. This endogenous loss is found to 
be related to food intake, plasma P concentration (Braithwaite, 1985; Read et al., 
1986c; Ternouth, 1989; Valk et al., 2002) and hence the loss of P regulated by the 
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resorption of bone. Accurate differentiation of these two forms of endogenous losses 
is important to the correct assessment of the maintenance requirement of animals. 
As the factorial estimates do not account for these effects, the estimated 
requirements are then a minimum value of requirement (CSIRO, 2007).  
Due to the number of functions within the body that involve P, confounded with the 
requirement for compulsory endogenous loss and the recycling of P, as well as the 
interaction with age, growth and reproductive status, it is difficult to determine the 
exact requirements of P for an animal. The requirements of P by both growing and 
breeding animals has been revised a number of times. Using the P model depicted 
in Figure 2 the Australian Research Council (ARC) estimated the endogenous faecal 
loss to be between 12 and 26mg/kg body weight (BW), and thus a daily P 
requirement of 3.6 to 7.8g/day to meet maintenance requirements of a steer. 
  
Figure 2. Outline of the ARC (1980) P model used by McCaskill (1990). All P flow rates are in g P/day. 
The Australian Standing Committee on Agriculture (ASCA) proposed a value 
20mg/kg BW (endogenous loss) and an absorption co-efficient of 0.7; thus the daily 
requirement for maintenance for a 300kg steer would be 8.4g dietary P. 
Requirements for growth of the steer or pregnancy and lactation of a cow would 
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need to be added. These requirements are estimated at 8g P/kg for live weight gain 
(LWG), 1g P/L for milk production, and for pregnancy, the requirements increase 
from 1g/day in the fifth month to 5g/day in the ninth month of gestation (ARC, 1980; 
Ternouth, 1990).   
Meeting the nutrient requirements of the pregnant beef female in northern Australia 
is important to ensure an adequate supply for normal growth and development of the 
foetus and to ensure the female maintains adequate body condition for lactation and 
reconception (NRC, 1996). When energy and protein supply meet the requirements 
of the breeding female, P is the next limiting nutrient, especially during the last 3 
months of gestation and during lactation (Ternouth and Coates, 1997). During 
pregnancy it has been observed that DMI per unit of body weight showed no 
significant change; however during lactation DMI increased by 25% (compared to 
equivalent non-lactating cattle) in the first month and by 35% in the third month of 
lactation without any change in liveweight (Hunter and Siebert, 1986). This increase 
in intake is signalled to the animal through the interplay of rumen dynamics and 
energy metabolism. The animal attempts to match nutrient supply with the capacity 
of its tissues to use nutrients. Hence, the larger the deficit between nutrient supply 
and demand, the greater the positive drive to increase DMI (Hunter and Siebert, 
1986). In Northern Australia cows are particularly vulnerable to P deficiency due to 
the fact that many calve and lactate during the wet season when the risk of P 
deficiency is highest as protein and energy requirements are met (Ternouth, 1990).  
The requirements of breeding cattle have been estimated to be 16-12mg P/day 
respectively (Ternouth and Coates, 1997). Using the Agricultural Food and Research 
Council (AFRC) formula, Ternouth and Coates (1997) have derived the additive 
requirements for P during pregnancy and lactation. The data shown in Table 1 are 
estimates of the P requirements for pregnancy and lactation from Ternouth and 
Coates (1997). 
The Agricultural and Food Research Council (AFRC) in 1996 also followed the 
aforementioned method of the sum of all estimates of P utilisation by the animal 
divided by the absorption co-efficient (Table 1).The maintenance requirement was 
calculated to be 16mg/kg BW, and the additional requirements for growth, lactation 
and pregnancy were estimated at 3.9g/100g LWG, 0.95g P/kg milk produced, and 
3g/day over the last three months of gestation (NRC, 1996).  Many studies highlight 
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the conservative nature of the above estimates. Little (1980) fed 160kg steers a diet 
containing 6.5g P/d and observed a 0.5kg weight gain. The beef NRC (1996) 
suggested 8.48g P/d should be the required intake for these animals to make these 
weight gains. Another investigation showed a difference in the NRC and observed 
maintenance requirement of 6.2g/d (Geisert et al., 2010).  
Table 1 Estimates of the phosphorus requirements of pregnant and lactating cattle (Ternouth and Coates, 
1997). The values in brackets are based on AFRC estimates (1991). 
 
There is some evidence (Ternouth and Coates, 1997; Dixon and Coates, 2010) to 
suggest the P content of milk in Bos indicus breeders on native tropical Australian 
pastures; suggested P requirement was 1.6g/L milk produced, higher than ARC 
estimates. Using the ARC 1965 calculations and assuming a daily dry matter intake 
(DMI) of about 2% of liveweight, the predicted requirement for lactating cattle is 
about 0.20% phosphorus in the diet (12g P/day), but the data of Little (1968) suggest 
that a level of about 0.12% (7.2g P/day) would be adequate. Later studies confirmed 
this requirement (Little and Shaw, 1979; Little, 1980). McCaskill (1990) suggested 
the requirement of a 300kg lactating breeder producing 5kg/day milk with zero 
weight gain would be 9.2g P/day (0.88gP/kg milk). However, Ternouth and Coates 
(1997) reported that 400kg cows producing 3-5L milk/day were able to perform 
satisfactorily when fed  only 3.8g P/d. It was suggested that these differences are 
due in part to the very high efficiency of absorption (80-90%) of dietary P under 
grazing conditions in low P situations (Ternouth et al., 1996) and the ability for 
animals to draw down on reserves for at least one calving cycle. The beef NRC 
(1996) suggests that heifers used in a trial (Call et al., 1986) that 12gP/d is the 
requirement for a 450kg cow over a production year (0.96gP/kg milk). Due to the 
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conflict of estimated and observed requirements, in 2007 CSIRO brought out revised 
‘best estimates’ of the requirements for additional requirements of P during 
pregnancy and lactation based on research on tropical pastures (Ternouth et al., 
1996; Ternouth and Coates, 1997; Dixon and Coates, 2010). These estimates are 
shown in Table 2; in general add 1.4g P/kg milk produced. 
Table 2. Recommended Ca and P allowances for cattle (CSIRO, 2007). Note: mature weight is assumed to 
be 500kg, and allowances are based on grazing temperate pasture with DMD of 0.74. In general for 
lactation add 7.9g Ca/day and 1.4g P/day for each kg of milk. 
 
 
Weight Gain Intake Ca allowance P allowance 
(kg) (g/d) (kg DM) (g/d) (g/kg DM) (g/d) (g/kg DM) 
Growing 150 0.5 2.9 9.2 3.15 6.2 2.15 
    Weaner 150 1.0 4.1 16.0 3.90 10.9 2.66 
 300 0.5 4.4 11.5 2.62 7.4 1.67 
 300 1.0 5.7 17.7 3.10 11.7 2.06 
 400 0.5 5.7 13.7 2.40 8.5 1.49 
 400 1.0 7.5 20.0 2.66 13.2 1.77 
Adult cow 500 0.0 4.4 9.0 2.04 4.3 0.97 
Pregnancy        
    5-6months 500 0.0  11.3  5.4  
       7months 500 0.0  14.3  6.5  
       8months 500 0.0  17.7  7.9  
       9months 500 0.0  22.2  10.0  
 
 Milk (kg)      
Lactating 500 18 9.0 47.9 5.32 34.5 3.84 
 
500 22 13.5 59.9 4.44 44.7 3.31 
 
500 32 16.8 82.2 4.89 62.3 3.71 
 
Under northern Australian conditions a lactating cow produces approximately 2-4kg 
milk/d (Dixon et al., 2011b). Gross dietary requirement factor of 1.6gP/L milk should 
be used in assessing requirements of a lactating animal (Ternouth and Coates, 
1997). Recommendations for the P requirement of rangeland beef cattle in Northern 
Australia have recently been published by Jackson et al. (2012) (Table 3). These 
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estimates are similar to that of CSIRO (2007) with the increase in P requirement of 
1.6g P/kg milk compared to 1.4g P/kg milk produced. 
 
Table 3. Approximate amounts of total P needed in the diet by steers and heifers, breeders in late 
pregnancy or lactating (Jackson et al., 2012) 
 
2.2 Impact of P deficiency on beef breeding females 
The primary effect of P deficiency is depressed food intake, which in turn adversely 
affects ovarian function and probability of conception. Ternouth (1990), Winks 
(1990), Karn (2001) and Dixon and Coates (2010) have all provided summaries of 
the responses to P supplementation and have provided evidence to suggest that P 
supplementation or grazing of P fertilised pasture can mitigate this impact. However, 
it is not always possible to demonstrate a significant impact, particularly in situations 
of marginal P deficiency, as cattle are able to mobilise body reserves of P if P intake 
is inadequate. Therefore, the response to P supplementation depends on duration 
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and severity of P deficiency prior to commencing supplementation (Call et al., 1986; 
Read et al., 1986a; Williams et al., 1991; Karn, 2001; Quigley et al., 2015).  
The lactating cow has been identified as being at high risk of suffering from P 
deficiency, particularly when lactating during times of nutritional deficiency  (at the 
end of the dry season), which will be carried through the following wet season using 
body reserves that cannot be replenished during the dry season once lactation is 
completed (Ternouth, 1990). The reproductive performance of the cows is generally 
not affected until a low P diet has been consumed for over one cycle/year (Call et al., 
1986; Williams et al., 1991). 
The classes of cattle that are most vulnerable to sub-optimal reproductive 
performance as a result of dietary deficiency in Northern Australia are first and 
second lactation cows (Ternouth, 1990; McGowan et al., 2014). This is due to the 
added requirements of growth in addition to the nutrition required for pregnancy, 
lactation, and re-conception. Ternouth (1990) listed the negative effects of P 
deficiency as low ovarian activity, low conception rates, low branding percentages 
and a depression in reproductive ability as a result of depressed food intake. Dixon 
et al. (1996) reported an increase in LW of both heifers and their calves following wet 
season P supplementation, but no significant difference in post-partum anoestrus 
interval (PPAI), possibly due to the high reproductive performance of the control 
heifers.  
 McGowan et al. (2014) found an interaction between animal class and mob P 
status. Animals in their first and second lactations, and mature and aged cows at 
high risk of P deficiency (FP:ME <500mgP/MJME) had 24.3%, 0.8%, 4.1% and 9.5% 
lower percentage of re-conceptions within four months of calving than cows with 
adequate P (low risk of P deficiency), respectively. All differences were significant 
apart from the second lactation heifers. It was stated that the “large difference in 
performance of first lactation cows is likely due to the fact that the majority of these 
cows would still be undergoing skeletal growth at the same time as their foetus is 
undergoing mineralisation of the skeleton, and subsequently they must lactate for 
periods of 4 to 7 months.” As discussed later, animals can meet the added P 
demands of lactation when on a P deficient diet through mobilising bone P. This 
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would be very difficult in the first lactation heifer as they are required to continue to 
add minerals to their bone for skeletal growth during this period.  
Unlike heifers the reproductive performance of the cows is generally not affected 
until a low P diet has been consumed for over one cycle/year (Call et al., 1986; 
Williams et al., 1991) dependant on the history of P intake (Read et al., 1986a). A 
cow has a greater ability to draw on bone reserves of P to cope with a reduction in 
dietary P intake but, without replenishment of these bone reserves depressed food 
intake will result in low ovarian activity, low conception rates and low branding 
percentages which is a depression in reproductive ability. If the deficiency is severe 
other clinical signs of P deficiency may be exhibited. Improvement in the 
reproductive performance of cows has been witnessed in response to providing 
increase dietary P through P supplementation and fertilisation of pastures. However, 
these responses have been inconsistent due to protein and energy and not P being 
the limiting nutrient, P availability differences among different forage communities 
and interactions with other minerals or differences in initial P status of subject 
animals (Karn, 2001). Other difficulties confusing the benefits seen from increasing P 
is due to it being introduced in conjunction with other management practices such as 
strategic weaning and all year-round (protein and phosphorus) supplementation 
(Sullivan and O'Rourke, 1997; Dixon et al., 2011b).  
It is now generally acknowledged that there is a benefit to phosphorus 
supplementation for breeder herds across northern Australia. Jackson et al. (2012) 
estimated on soil P deficient country (<3ppm) a 10 to 20% increase in weaning rate 
can be achieved by providing wet season P supplementation. They also suggested 
that an adequate faecal P to metabolisable energy (FP:ME) is greater than 
410mgP/MJME for a lactating breeder producing 5kg of milk per day (Jackson et al., 
2012). A similar FP:ME threshold for adequate P was calculated by Dixon and 
Coates (2010) at 420mgP/MJME. Both of these values have been calculated based 
on a response to P supplementation however although in agreement with this 
threshold, McGowan et al. (2014) found that the most discriminating point where 
25% difference of animals reconceiving within 4 months of calving was observed, 
and a 6% difference was seen in calf loss (confirmed pregnancy to weaning) in cows 
with above average body condition was a FP:ME threshold of 500mgP/MJME, 
indicative of increased risk of P deficiency.   
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2.3 The Patho-physiology of P deficiency  
2.3.1 Phosphorus deficiency 
Across most of Northern Australia there is an annual cycle of a wet season, in which 
the majority if not all of the annual rainfall is received, followed by a dry season for 
the remainder of the year. This annual rainfall pattern results in large variation in the 
nutrient levels of pasture. As the dry season progresses the pasture senesces and 
becomes dormant and during this period the levels of available energy, protein and P 
decrease as shown in Figure 3 which used Mitchell grass as an example species. 
However, it is during the wet season, when pasture energy and protein levels 
improve significantly, that P can become the limiting nutrient. Pasture intakes of P in 
northern Australia normally range between 10 and 60 mg P/kg LW (Ternouth et al., 
1996).  
 
Figure 3. Phosphorus and nitrogen concentration of Mitchell grass (McCosker and Winks 1994). 
The symptoms of acute P deficiency include decreased appetite and hence feed 
intake (Theiler et al., 1928; Little, 1968; Little, 1980; Bortolussi et al., 1996), reduced 
growth and feed conversion efficiency (Winks and Laing, 1972; Bortolussi et al., 
1996; Ternouth et al., 1996), reduced ovarian function (Ternouth, 1990), low 
fertility/reconception rates (Theiler et al., 1928; Read et al., 1986a; Ternouth, 1990; 
Miller et al., 1996), reduced milk production (Read et al., 1986a; Knowlton and 
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Herbein, 2002), reduced calf weaning weights (Read et al., 1986a), pica (e.g. bone 
chewing) (Theiler et al., 1928; Rose, 1954) and weak/fragile bones (Cohen, 1973a; 
Cohen, 1973b; Williams et al., 1990). There is some uncertainty as to whether the 
effect of P on reproduction is a direct effect of P deficiency or secondary to reduced 
feed intake (Ternouth and Sevilla, 1990; Dixon and Coates, 2010). If long standing P 
deficiency occurs the result is often rickets and osteomalacia in young and adult 
animals respectively (Ternouth and Sevilla, 1990). Severe P deficiency (rickets and 
osteomalacia) in cattle has been associated with decreased bone mineralization, 
decreased bone density, and increased rate of spontaneous fractures (Field et al., 
1982; Winter, 1988; Ternouth and Sevilla, 1990; Williams et al., 1990; De Brouwer et 
al., 2000) due to excessive resorption of bone. Other symptoms include stiff gait, 
emaciation, in-coordination, coarse hair coat, accelerated hoof growth (Theiler et al., 
1928; De Brouwer et al., 2000), enlargement of the carpus (peg-leg) (Rose, 1954; 
Barnes, 1955) and emaciation followed by death (Theiler et al., 1928; Read et al., 
1986a).  
The most common form of P deficiency in Northern Australia is subclinical, and thus 
difficult to confirm a diagnosis. Subclinical P deficiency, or aphosphorosis, presents 
typically as lower live weight gains due to a reduction in skeletal growth, which in 
turn limits the growth of soft tissues i.e. muscle (Field et al., 1975; Hoey et al., 1982; 
Read et al., 1986a; Winter, 1988; Coates, 1995; Miller et al., 1996; White et al., 
1996), and reduced feed intake and feed conversion efficiency due to a reduction in 
the efficacy and efficiency of microbial digestion. This reduction in intake and feed 
conversion efficiency is difficult to measure/observe in extensively grazed ruminants 
(Little, 1980; Gartner et al., 1982; Milton and Ternouth, 1985; Read et al., 1986a; 
Jones, 1990; Ternouth and Sevilla, 1990; Coates, 1995; Bortolussi et al., 1996; 
Ternouth et al., 1996), Other symptoms of subclinical aphosphorosis include reduced 
reproductive performance (Theiler et al., 1928; Read et al., 1986a; Ternouth, 1990), 
prolonged lactational anoestrus (Miller et al., 1996), lower milk yield (Read et al., 
1986a; Knowlton and Herbein, 2002), lower branding percentages (Ternouth, 1990), 
lower weaning weights (Read et al., 1986a), and a tendency for broken bones during 
normal husbandry practices from excessive resorption of bone (Cohen, 1973a; 
Cohen, 1973b; Williams et al., 1990; Williams et al., 1991; De Brouwer et al., 2000) . 
It is yet to be determined if a number of these factors are the direct result of low 
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dietary P or a secondary result from P lowering feed intake (Ternouth, 1990; Coates, 
1995; Dixon and Coates, 2010).  
The effect of subclinical P deficiency can occur within 19 weeks of experiencing P 
intakes below requirements, but effects of P deficiency on reproductive performance 
take longer to be identified. (Gartner et al., 1982).  The aforementioned symptoms of 
sub-clinical P deficiency are not identifiably related to P deficiency alone and it is yet 
to be determined if a number of these factors are the direct result of low dietary P or 
a secondary result from P lowering feed intake (Ternouth, 1990; Coates, 1995; Dixon 
and Coates, 2010). 
Large areas of northern Australia are P deficient, Figure 5 provides a map of cases of 
severe P deficiency (osteomalacia) in the Northern Territory (Rose, 1954) and Figure 
4 shows the spatial distribution of P deficient soils, but this does not provide an 
accurate picture of the spatial and seasonal distribution of subclinical aphosphorosis. 
 
 
Figure 4. Map showing the general extent of soil P deficiency over northern Australia (adapted from 
McCosker and Winks (1994) by Jackson et al. (2012)). 
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Figure 5 Map of osteomalacia incidents observed in the Northern Territory in 1954. (Rose 1954). 
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2.3.2  Sources of Phosphorus 
P is the main limiting nutrient to animal production in northern Australia, except with 
native pastures where N and energy are the main limiting nutrient during the dormant 
(dry) period (Jones, 1990). There are three main sources of P that enable grazing 
animals to maintain P homeostasis; soil and pasture P, body P reserves and P 
supplementation. 
2.3.3 Soils and Pastures 
Soil and pasture are the primary source of P for extensively grazing animals. Dietary 
P for grazing animals is ultimately controlled by the availability of P in plant sources 
which, in turn, reflects the available P in the soil. Phosphorus occurs mostly in the 
surface soil and is strongly absorbed and not easily leached from the soil (Kerridge 
et al., 1990). Over much of northern Australia, the soils have been deemed P 
deficient (Kerridge et al., 1990), as illustrated in Figure 4 (Jackson et al., 2012). 
Mean values and standard deviations of total P in soils in the Barkly Tableland 
region are shown in Table 4.   
Table 4. Mean values and standard deviations of total phosphate of soils in the Barkly Tableland region 
(Barnes, 1955). 
 
The mean P content of the common pastures grown on the soils from Table 4 is 0.07 
± 0.18% expressed as total plant P; this is insufficient for animal requirements, 
especially beef breeding females (Ostrowski-Meissner, 1987). Bluebush 
Chenopodium auricomum was the only pasture plant on the Barkly Tableland region 
with sufficient P for animal requirements (Barnes, 1955). In other regions of northern 
Australia, McLean et al. (1990) recorded P levels as low as 0.06% P at Springmount 
(Mareeba, Qld) and Katherine (NT). An outline of the soil and vegetation 
associations (broad-scale) across the whole of northern Australia taken from 
McCosker and Winks (1994) and Jackson et al. (2012) is shown in Figure 4.   
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2.3.4 Body reserves 
When pastures contain insufficient P to meet the requirements of the breeding 
female, cattle recycle P via blood and saliva and store P in reservoirs in the body 
(bone and soft tissue) (Figure 1, (Dias et al., 2011)). In the average breeder cow 
(400kg) these reservoirs contain approximately 7-8g P/kg LW, or 3kg P per animal 
(Dixon and Coates, 2010). In times of low P intake, the cattle draw on these P 
storage reserves to meet requirements. The mobilisation of P, however, is closely 
linked and secondary to mechanisms that control Ca homeostasis, and is therefore 
not tightly controlled (Lean, 1987; Ternouth, 1990; DeGaris and Lean, 2009). 
2.3.4.1 Deposition and mobilisation of phosphorus reserves in 
breeding animals 
A number of studies have described rapid and continual transfers of Ca and P 
between the inorganic phosphorus in the blood and saliva, and large slow continual 
turnover of Ca and P between the bones and soft tissues (Hill et al., 2008; Dias et 
al., 2011). In studies that modelled P metabolism, the flows to and from bone were 
up to seven times the intake of P. As a result, small proportional changes in the flow 
of P between pools will have a large effect on the accretion or resorption of P in 
times of shortage or excess. The ability of the animal to deposit or mobilise P is 
much lower in mature animals due to the association with Ca retention (Dixon and 
Coates, 2010).   
In a reproducing animal, peak resorption of bone occurs in response to increased P 
requirements during early to mid-lactation, with replacement of these P stores during 
late lactation and the following non-lactating period, unless P  intake levels drop 
below maintenance requirements (Holtenius and Ekelund, 2005; Ekelund et al., 
2006). These changes in the mobilisation of Ca and P stores are considered a 
normal mechanism to cope with the increased requirements of lactation (Horst, 
1986). Braithwaite (1986) demonstrated the extent of P and Ca deposition, 
mobilisation and retention in ewes, based on P or Ca intake and serum P measures 
postpartum (Figure 6). Similar findings were subsequently demonstrated in dairy 
cattle using measurements of osteocalcin concentration. Osteocalcin is a marker of 
bone formation (Ekelund et al. (2006).  
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It can be seen in Figure 6 that there is a large increase in the resorption of Ca and P 
during early lactation, with increased retention and a slight increase in accretion 
during late lactation, despite higher P intakes during early lactation compared with 
late lactation.  
Figure 6. The intake, deposition, mobilisation and retention of P and the retention of Ca, of ewes during 
late pregnancy, lactation or post-lactation fed diets calculated to provide the ARC (1980) 
recommendations for dietary P (adapted by Dixon and Coates (2010) from Braithwaite (1986)). 
High producing dairy cows studied by Knowlton and Herbein (2002) were found to 
mobilise from 5-25g P/day when dietary P was inadequate to meet the demands of 
early lactation. The net retention was then up to 5g/day during late lactation when 
fed insufficient P and up to 20gP/day in mid-lactation when fed high P diets. The 
negative P retention shown for ewes in Figure 6 (35mg P/kgLW/day) is equivalent to 
a 400kg cow mobilising 14g P/day from body reserves (Dixon and Coates, 2010). 
Valk et al. (2002) observed that cows on low P diets mobilised up to 7g P/day, but 
were limited during the following lactation in mobilisation of P, sacrificing milk yield 
and P concentration of milk instead. It has been suggested that these animals had 
depleted body reserves to their full extent and so accommodated the shortage of 
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The amount of P that can be mobilised from bones is estimated to be up to 30% 
(Benzie et al., 1959; Little, 1983) of an animal that has undergone full P-repletion. A 
400kg animal would be expected to have about 2.5-3kg P in bone reserves (Dixon 
and Coates, 2010) a 30% mobilisation would therefore be 750-900g P. In northern 
Australia, beef breeding females are normally required to lactate for 4 to 6 months. If 
this is the case, a lactating beef female of 400kg could mobilise between 4-7g P/day, 
a figure not too dissimilar to that reported by Valk et al. (2002). This amount of 
mobilisation would rapidly deplete the animals’ P reserves under very low nutritional 
conditions (Dixon and Coates, 2010).   
Studies have looked at the link between the length of time of limited P intake to the 
decline of voluntary food intake expected as a result of P deficiency. The onset of 
deficiency symptoms such as a reduction in DMI and lower plasma P can occur 
almost immediately (Little, 1968), after a number of weeks (5-10) (Call et al., 1987; 
Petri et al., 1988; Ternouth and Sevilla, 1990; Bortolussi et al., 1996) or many 
months (Gartner et al., 1982; Call et al., 1986; Read et al., 1986a; Knowlton and 
Herbein, 2002). These differences could be as a result of differing states of P replete 
at the outset of the experiments as it was assumed that all animals were in a full P-
replete state. No history of the experimental animals is mentioned. Read et al. 
(1986b) showed a decline in rib bone P concentration (Table 5). This decline 
occurred throughout the entire pregnancy and lactation cycle, suggesting that the 
interval over which body reserves are mobilised is a function of initial P reserves and 
the dietary inadequacy in relation to animal requirements (Dixon and Coates, 2010).  
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Table 5. Composition of rib bone samples and plasma inorganic phosphorus (PiP) in a herd of cows 
mated as heifers in 1978 and grazed with or without P supplementation through 5 reproductive cycles 
(Read et al., 1986b; Read et al., 1986c). All the cattle were given a P supplement (a salt and DCP lick) 
during growth preceding the experiment, and the +P treatment were fed this supplement during the 5 
years of the experiment. Cows calved from mid-September to the end of November and calves were 
weaned at about 7 months. 
Year Rib bone composition (mg P/cm3) Plasma inorganic phosphate (PIP) (mg P/L) 
 Lactation Late pregnancy Lactation Late pregnancy 
 -P +P Signif. -P +P Signif. -P +P Signif. -P +P Signif. 
1978 - - - 183 172 ns - - - 59 55 ns 
1979 160 157 ns 134 136 ns 34 38 ns 48 50 ns 
1980 110 136 * 108 147 * 20 49 * 16 63 * 
1981 98 143 * 121 142 * 20 69 * 36 52 ns 
1982 - - - 101 133 * 15 38 * 20 54 * 
1983 99 135 * - - - 13 44 * - - - 
* significant difference at p<0.05. 
The repletion of bones occurs when nutritional demand is lowered or quality is 
improved as demonstrated by Benzie et al. (1959) using differences in ash content in 
sheep bones. Bortolussi et al. (1999) found steers given high P diets deposited 7-
17g P/day into body reserves even though the ME content of the diet was only 
sufficient for small amounts of growth. There is still limited experimental data on the 
repletion of bone P in breeding cows. Hoey et al. (1982) studied two groups of 
heifers given a low P and a high P diet (difference 12g P/d). The difference in bone P 
between the two groups at the end of a repletion phase was 535g P (approx. 19% 
less). This is equivalent to 6g P/day resorbed over a 3 month period by heifers 
receiving an extra 12gP/d in the diet.  
2.3.4.2 Control of phosphorus homeostasis and the interaction of 
calcium  
Phosphorus homeostasis is maintained by a balance between a number of P storage 
pools; intake, saliva secretions, blood concentration, soft tissues, bone accretion and 
resorption. Transfer between these pools is controlled by vitamins and hormones 
which interact with the maintenance of Ca homeostasis. A diagrammatic 
representation of phosphorus absorption and metabolism is shown in Figure 7. 
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Figure 7 Schematic representation of P absorption and metabolism in a lactating cow. Boxes with solid 
lines represent compartments, dashed boxes represent pools and arrows represent transfers (fluxes) 
(Hill et al. 2008). 
Active absorption of P from the intestines is promoted by increased concentrations of 
active vitamin D [1, 25(OH)2D3] in blood. There are many vitamin D3 metabolites 
present in blood.  The major circulating form is the aforementioned, 25-hydroxy-D3, 
which is produced from the hydroxylation in the liver of vitamin D3 from ingested 
plant materials, or from photochemical reactions in the skin (DeGaris and Lean, 
2009). The production of 25-hydroxy-D3 is determined by plasma concentrations of 
Ca. Low blood Ca concentration triggers the release of parathyroid hormone (PTH) 
(McGrath et al., 2012). PTH increases the resorption of Ca and P from bone. 
Simultaneously PTH increases the production of 25-hydroxy-D3, which is responsible 
for active mineral transport (Ca, P) from the digestive tract, increasing the amount of 
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P and Ca in blood (Cohen, 1980; Lean, 1987; Ternouth, 1990; DeGaris and Lean, 
2009; McGrath et al., 2012). Blood Ca concentrations need to be strictly controlled to 
regulate normal neuromuscular activity; in contrast, plasma P concentrations are 
able to vary between 20-80mgP/L without any serious short term effects. Plasma P 
concentrations are often inversely related to Ca concentrations (Lean, 1987; 
Ternouth, 1990). High Ca intakes result in a reduction of 25-hydroxy-D3, which 
reduces the absorption of P regardless of P intake (Cohen, 1980). If P intakes are 
inadequate at this time low blood P will ensue, which could result in aphosphorosis.  
Elevated concentrations of both Ca and P in plasma reduce the secretion of PTH 
and increase the release of calcitonin from the thyroid gland (McGrath et al., 2012). 
Oestrogens were mentioned in 
the earlier literature as having a 
possible role in the release of 
calcitonin to control P 
metabolism, but oestrogens have 
not been mentioned in recent 
literature. Calcitonin has the 
opposite effect of the PTH by 
stimulating the deposition of 
bone minerals and depressing 
the absorption of minerals from 
the gastrointestinal tract (Lean, 
1987; Ternouth, 1990). 
Therefore, in times of excess Ca 
and P calcitonin acts to allow the 
animal to build up stores of Ca 
and P in the bones for use when 
Ca and P are limited (DeLuca, 
2004). In other words, the 
storage of P in bone occurs in response to elevated plasma Ca and P, which 
reduces secretion of PTH and increases secretion of calcitonin, initiating bone 
accretion. Figure 8 shows the regulation of P homeostasis and the association with 
controls of Ca homeostasis.  
Figure 8. Diagrammatic representation of the hormonal 
regulation of P homeostasis showing positive stimuli (solid 
lines) and negative feedback stimuli (dashed lines) (Cohen, 
1980). 
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Recently, FGF23 (Fibroblast growth factor 23) was identified as a regulator of P 
homeostasis independent of the PTH-25-hydroxy-D3 pathway (Cheng and Hulley, 
2010). FGF23 is almost exclusively expressed in osteocytes (cells actively involved in 
bone turnover) in response to elevated dietary and serum P, although the osteocytes 
may not sense extracellular P levels directly (Cheng and Hulley, 2010). FGF23 
reduces P reabsorption in the kidneys and reduces active 25-hydroxy-D3 production 
indirectly, stimulating PTH release by reducing plasma Ca. However, FGF23 may 
also directly supress PTH transcription. It is suspected that kidney derived vitamin D 
feeds back to inhibit FGF23 transcription as well as PTH feeding back on FGF23 
production, although it is unknown if the feedback mechanism is stimulatory or 
inhibitory (Cheng and Hulley, 2010).  
Regardless of the influence of FGF23 on P levels, the dominant pathway for the 
control of P metabolism is via the PTH-25-hydroxy-D3 axis. As a result, P metabolism 
is controlled secondary to Ca homeostasis. Thus, when Ca intake is high, 25-
hydroxy-D3 is depressed and there is a reduction in the absorption of P, PTH 
secretion, salivary P concentration and decreased mobilisation of P from bone. 
Conversely, when Ca intake is low, there is an increase in 25-hydroxy-D3, absorption 
of P, secretion of PTH, salivary P concentration and mobilisation of P from bone 
resorption.  
Initial observations indicated high dietary Ca levels retarded the ability of ruminants 
to mobilise bone P reserves to overcome deficiency (Theiler et al., 1928; Rose, 
1954; Cohen, 1973b; Milton and Ternouth, 1985). As an extension of this idea, Field 
et al. (1975) investigated the effects on P metabolism of diets differing in both Ca 
and P. Table 6 shows there are consequences to adequate Ca-low P diets on 
voluntary DMI, live weight gain and skeletal P dynamics.  
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Table 6. The feed intake and liveweight gain during, and the total P in the skeleton of lambs (initially 8 
weeks of age, 13 kg) at the end of a 4 month feeding interval.  Diets contained adequate Ca and adequate 
P (AdCa-AdP), adequate Ca and low P (AdCa-LowP), low Ca and adequate P (LowCa-AdP), or low Ca and 
low P (LowCa-LowP) (Field et al., 1975; Dixon and Coates, 2010). 
Measurement Diets  
 AdCa-AdP AdCa-LowP LowCa-AdP LowCa-LowP s.e. 
Voluntary intake (g DM/day) 1411 821 1054 1268 - 
LW gain (g/day) 221 89 153 168 14 
Total P in skeleton (g) 187 99 99 103 9.4 
 
Since this study, there have been many investigations into the Ca to P ratio (Ca:P), 
mostly in growing animals. Some studies have showed that dietary Ca has little 
effect on voluntary DMI or mobilisation of P (Ternouth and Sevilla, 1990; Bortolussi 
et al., 1992) and that high Ca:P ratios have no effect on P utilisation in lactating 
ruminants as long as P is adequate (Deitert and Pfeffer, 1993; de Waal and 
Koekemoer, 1997). Other research, however, has demonstrated that high a Ca:P 
ratio has a negative effect (Boxebeld et al., 1983; Pfeffer et al., 1995). In Australian 
studies, high Ca:P ratios, resulting from high Ca concentrations in stylo-dominated 
pasture, has important consequences: changes in faecal P, Pi, bone thickness and 
live weight gain for beef cattle (Winter, 1988; Coates, 1994). Unfertilised stylo 
dominated pastures can cause a large variation in Ca:P ratios, from 2:1 (Loxton et 
al., 1983) up to 20:1 (Coates et al., 1990). Coates (1994) reported that responses to 
P supplement were much greater in cattle grazing unfertilised pasture (stylo-
dominant, high-Ca and low-P diet) than for once fertilized pasture (grass dominant, 
moderate-Ca and low-P diet), although dietary P concentrations were similar. Apart 
from diets high in stylo, there is little evidence of major effects from high Ca on P 
metabolism in Northern Australia. However, Dixon and Coates (2010) suggested that 
consideration of the high Ca content of mature tropical pastures is required when 
mixing supplements. For example, the inclusion of limestone in supplements is 
seldom appropriate across Northern Australian rangelands. The Ca:P ratio rather 
than absolute Ca levels are more important in regulating P resorption and accretion. 
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P regulation is dependent on the Ca:P ratio remaining around 2:1 (Dixon and 
Coates, 2010). 
2.3.4.3 Effect of nitrogen on the storage and mobilisation of P 
reserves 
Nitrogen also has a role in the absorption and mobilisation of P, as observed by 
Gartner et al. (1982) where animals fed sufficient P but insufficient N developed 
signs of osteomalacia (Tuen et al., 1984; Bortolussi et al., 1996; De Brouwer et al., 
2000). This observation could be explained by the relationship between the 
absorption of dietary Ca and N deficiency, which will in turn affect P absorption and 
metabolism. Braithwaite (1978) found that sheep fed half the amount of protein 
absorbed 39% less Ca resulting in a greater negative Ca imbalance and hence a 
greater mobilisation of bone to meet the demands of lactation. One study that 
involved feeding low quality speargrass (Heteropogon contortus) to steers increased 
the true digestibility of Ca from 4% to 35% with the addition of N supplementation. 
Simultaneously, a large negative Ca balance (-64 mg/kg W0.75.day) changed to a 
positive Ca balance (6 mg/kg W0.75.day) (Tuen et al., 1984). For this reason, cattle 
grazing extensively in northern Australia on N deficient dry season pastures are 
likely to be absorbing far less Ca and P then is ingested. Dixon and Coates (2010) 
concluded that “the complexities of the amounts of absorbed Ca and P, and the 
changes in diet quality and animal requirements (e.g. with changes of seasons and 
parturition) makes it difficult to predict whether Ca and P will be mobilized or 
deposited into body reserves in cattle grazing dry season pastures, or in the early 
wet season when carryover effects would be expected. N supplementation in the dry 
season may increase Ca absorption and reduce bone mobilization due to Ca 
deficiency, and so prevent loss of bone P.  This will be a consideration for the N, P 
and Ca composition of dry season supplements.” 
2.3.4.4 P storage and mobilisation in the extensive systems of 
Northern Australia 
Australian studies have investigated P intakes and balances of Bos indicus breeders 
grazing low P pasture systems in Northern Australia at Springmount (Miller et al., 
1997) and Lansdown (Ternouth and Coates, 1997)). The Springmount result, shown 
in Table 7, reveals that moderate P soil (6-10ppm and fertilised) is able to maintain a 
P balance close to zero, whereas the greatest P mobilisation (-3g/day) occurred 
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during the mid-wet and the greatest P retention (+4g/day) occurred during the early 
dry season, coinciding with weaning . In general, cattle across northern Australia are 
grazing non-fertilised pastures on soils with P ranging from 2-4ppm. In these 
circumstances, P values would correspond to the Springmount study’s breeders on 
the very low P and low P treatments, which were in negative P balance for both 
years, indicating that there was a net mobilisation of P without replenishment.  
Table 7. Intake and balance of P in Bos indicus cross breeders grazing pastures in a P-deficient land 
system at Springmount, Mareeba (Miller et al., 1997; Dixon and Coates, 2010). Diets were as follows: V. 
low P indicates pasture growing on very low P soils of 2 ppm P; Low P indicates pasture growing on 
soils of 3-4 ppm P with no supplement, with N supplement (Low P+N), with P supplement (Low P+P), or 
with N and P supplement (Low P+N+P); Moderate P, indicates pasture growing on soils of 6-10 ppm P 
following application of P fertilizer. Supplements were fed year-round at 10 g P or 28 g urea N/cow/day. 
Cows calved in November-December and were weaned in March 1994 or April 1995; thus measurements 
represented pregnant non-lactating cows in the late dry season, lactating cows in the mid wet season, 
and weaned non-lactating cows in the early dry season. 
Measurement Forage and phosphorus intakes 
 V. low 
P 
Low P Low P+N Low P+P Low P+N+P Moderate P 
Dietary P intake (g P/day) 
Late dry season (Sept 93) 1 2 2 1x 2x 4 
Mid wet season (Feb 94) 6 9 8 30 28 14 
Early dry season (May 94) 3 3 3 23 21 8 
Late dry season (Sept 94) 2 3 3 22y 22y 5 
Mid wet season (Feb 95) 8 10 9 19 18 21 
Early dry season (May 95) 2 4 2 14 15 12 
P balance (g P/day) 
Late dry season (Sept 93) -2 -2 1 -2 -2 0 
Mid wet season (Feb 94) -5 -3 -3 16 13 -3 
Early dry season (May 94) -2 -2 -3 10 13 1 
Late dry season (Sept 94) -1 0 0 13y 15y 1 
Mid wet season (Feb 95) -9 -2 -6 -1 -1 0 
Early dry season (May 95) -3 -1 -2 3 7 4 
x, no supplement was fed during the 1993 dry season. y, During the week when P kinetic measurements 
were made in the late dry season of September 1994 20 g rather than 10 g P supplement was 
inadvertently fed. 
At Lansdown (Table 8), the mobilisation was more extensive with negative P 
balances of -11 and -15g P/day during early lactation of breeders grazing unfertilised 
pastures. Positive balances (deposition of P) occurred only in animals grazing 
improved pastures during mid-pregnancy and fertilised improved pastures during 
early lactation. Dixon and Coates (2010) stated that the “negative P balances were 
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measured in both fertilized and unfertilized pasture systems during lactation (May). 
This was unexpected for fertilized pasture and was due to low plant P concentrations 
likely caused by soil nutrient imbalances following wet and waterlogged conditions 
during the mid to late wet season (D. B. Coates, personal communication).” These 
two studies do indicate that a high level of P mobilisation (10-15gP/day) is likely to 
occur for short intervals in northern Australian grazing systems.  
Table 8. Intake and balance of P (mg P/kg LW.day) in Bos indicus cross breeders (initially 370 - 450 kg) 
grazing tropical pastures in a P-deficient land system at Lansdown, Townsville (Ternouth and Coates, 
1997; Dixon and Coates, 2010). Cows calved in late November to early January. P kinetics measurements 
were made in June, October, December and May. 






 (Not fertilized) 
Dry matter intake (g DM/kg LW/day) 
Mid pregnancy 16.0 11.6 10.6 
Late pregnancy 15.4 12.6 15.1 
Early lactation 25.5 20.0 22.3 
Late lactation 22.4 17.4 22.4 
P intake (mg P/kg LW/day) 
Mid pregnancy 21.9 12.2 8.4 
Late pregnancy 17.3 6.4 6.8 
Early lactation 40.2 17.2 11.5 
Late lactation 13.0 12.5 11.1 
Milk volume (L/day) 
Early lactation 5.3 4.4 4.0 
Late lactation 4.0 2.1 2.6 
Phosphorus balance (mg P/kg LW/day) 
Mid pregnancy -1.9 1.0 -2.0 
Late pregnancy -1.3 -2.4 -3.6 
Early lactation 2.0 -10.8 -15.0 
Late lactation -13.6 -3.7 -8.1 
 
Returning to the study of Miller et al. (1997), P balances are largely positive 
(indicating retention/deposition) in P supplemented non-lactating cows grazing dry 
season pasture (10-13g P/day). This indicates that a Bos indicus breeder cow, if 
supplemented in excess of meeting immediate requirements, has the ability to 
deposit P into body reserves during the dry season after re-conception. 
Supplementation of 20g of P per day (as was given at Springmount) would enable 
breeders to store up to 15g P/day. If a breeder does not reconceive during an annual 
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cycle it is assumed there is ample time to recover these P reserves, as maintenance 
is the only immediate requirement. Presumably, this is the only way that cows 
grazing the very low P and low P pastures could recover body reserves. These 
studies emphasise the importance of optimum weaning times, to reduce the P 
requirements of the breeder and provide it with maximum opportunity to recover P 
reserves in transition seasons (Dixon and Coates, 2010; Dixon et al., 2011b). 
2.4 Assessment of Phosphorus Status 
The determination of clinical P deficiency is easy due to the specific nature of 
deficiency symptoms. Identification of subclinical deficiency, however, is more 
difficult to diagnose. Ideally, subclinical deficiency would be diagnosed by estimating 
metabolically active or major reserves in the body, such as the amount of P stored in 
bone (80-85%) (ARC, 1965). Measures to determine subclinical P deficiency can 
include total daily P intake, P quantities in other animal tissues including blood, bone 
and faeces, and P quantities in plant tissues and soils. As direct measurement of the 
animal is invasive and difficult, measuring dietary concentrations has been the 
preferred method (CSIRO, 2007). However, it is important to find an animal measure 
that is minimally invasive but is indicative of the P status of an animal or mob. 
Complications in assigning normal P values arise from factors that are known to 
affect concentrations of bone mineral and organic matter, such as age, protein 
intake, physiological state, and calcium deficiency (Hoey et al., 1982). 
2.4.1  Methodologies and Limitations 
2.4.1.1 Soil  
Soil P is measured using the bicarbonate extractable P in the surface soil (Kerridge 
et al., 1990; McCaskill, 1990). Soil P level is measured in parts per million (ppm). 
Soil P greater than 8ppm is considered adequate, between 4-8ppm is considered 
marginal, and less than 4ppm is considered deficient (Coates et al., 1990; Kerridge 
et al., 1990; McCosker and Winks, 1994; Jackson et al., 2012). Although soil P is 
more reliable than plant P, because it is unaffected by age and moisture (Kerridge et 
al., 1990), there are limitations associated with soil P measures. Large variation 
across small distances can occur, which requires a large number of samples 
(Kerridge et al., 1990) to be tested and averaged, and the accuracy of analysis 
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equipment is reduced when measuring ppm below 5ppm (N. MacDonald, pers. 
comm.). As the majority of soils across northern Australia are below 5ppm (Coates et 
al., 1990; Kerridge et al., 1990), this limits the use of soil P to accurately map and 
distinguish between areas of marginal and inadequate P for animal production. Soil 
maps, such as the one shown in Figure 4, are nevertheless useful in that they show 
most of northern Australia as suffering from a degree of P deficiency for animal 
production. 
2.4.1.2 Pasture 
Of the total P present in forages, 50% is present as inorganic P, which is readily 
used by the animal. The remainder of the P present is largely nucleic acid P and 
esters of P combined with sugars, proteins, and lipids. Conditions in the rumen, 
reticulum and abomasum allow the breakdown and release of most of this esterified 
P, including the phytate-P (Playne, 1976; Ternouth, 1990). Although the majority of 
the plant P is available to the animal, measures of plant P result in higher estimates 
of P intake than are obtained from measuring the actual intake of a grazing animal 
(Coates et al., 1990). Hand plucked plant samples are not representative of the total 
diet selected by grazing animals, and samples from oesophageal fistulated animals 
(to gain a representative sample of what is consumed) could be contaminated with 
saliva that contains large amounts of recycled P. Therefore, these methods are 
unsuitable for estimating dietary P levels to diagnose adequacy (Read et al., 1986b). 
Other complications with the use of pasture to diagnose P deficiency relate to the 
affect that moisture content and plant maturity have on plant P concentrations and 
the differing availability of P across pasture species (Rose, 1948; Kerridge et al., 
1990; Ternouth, 1990).  
2.4.1.3 Bone 
It has been well established that bone acts as a reservoir for the storage of P and Ca 
and can be mobilised during times of restricted dietary intake or to meet increased 
nutritional demands. During prolonged nutrient deficiency the amount of Ca and P in 
the bones can be markedly reduced. The measurement of bone (the changes in 
body reserves) has therefore been suggested as an indicator of P adequacy.  
 There have been a few different methods developed to measure the amount 
of total P in bone. The most definitive approach has been to feed animals on diets 
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long-term before slaughter and directly measure the amount of P and Ca in the bone 
and soft tissues (Benzie et al., 1959). Due to excessive cost, the practice was limited 
to the measurement of selected bones post-slaughter (Williams et al., 1990; Williams 
et al., 1991; Pfeffer et al., 1995; Erickson et al., 2002). Bone accretion is relatively 
constant within age groups the changes in bone mineral retention are primary due to 
changes in rates of resorption (Knowlton and Herbein, 2002). As the majority of 
studies are investigating changes as a result of deprivation of P at different 
physiological states, it would be preferable if slaughter could be avoided. Little 
(1972) described a method that surgically removes a small disc (biopsy) from the 
11th or 12th rib, usually 20 cm from the spine. This method has consistently 
demonstrated significant differences between cattle fed different dietary P intakes, 
and so this has become the main method used for measuring P status (Little, 1972; 
Little and Shaw, 1979; Hoey et al., 1982; Read et al., 1986b; Ternouth, 1990; de 
Waal and Koekemoer, 1997; Keene et al., 2004). Units of measure have developed 
and changed over time. Results have been expressed as P per unit of fat free bone, 
P per unit bone weight, or P per unit volume of fresh bone.  
Subsequently, Little (1984) determined rib compact bone thickness (CBT) was a 
simpler and more sensitive measure of the P status of an animal (Dixon and Coates, 
2010). Coates (1994) suggested threshold values for rib CBT: of <2.5mm was 
considered P deficient, and >3.0mm was considered P adequate. These values were 
estimated using 24 month old heifers, and are consistent with those estimated by 
Little (1984) using cattle weighing between 160-280kg, and Bortolussi et al. (1996).  
There are limitations to the use of bone P as a stand-alone indicator of an animal’s P 
status. The complexity of the procedure, the time required between the first and 
second biopsy samplings (e.g. 6 months), difficulties with interpretation when values 
between 2.5 and 3mm are observed, and complications with age all limit the 
usefulness of the procedure. Braithwaite (1975) demonstrated in sheep that the 
deposition and mobilisation of bone is 4-7 times lower in younger (6 months old) 
animals compared to older animals. It has also been noted in a number of studies 
that different parts of the skeleton undergo different rates of accretion and 
mobilisation (Benzie et al., 1959). As stated by Dixon and Coates (2010), this 
highlights the limitation of bone as an indicator of P status or a direct measure of net 
P mobilisation and deposition: “The change in P concentration of a specific bone 
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such as the 12th rib bone usually sampled will not necessarily be in proportion to the 
change in total skeletal P stores.” The cancellous bones (ribs) turnover Ca and P 
much more readily than compact (limb) bones. For example, Hoey et al. (1982) fed 
heifers for 63 weeks on an adequate or P deficient diet and took biopsies at intervals 
throughout the project. The P contents measured in the ribs differed from other bone 
P contents and from the P content of the total skeleton after slaughter. This 
highlights a requirement for more information regarding the changes in rib bone P 
concentration compared to the total skeleton to allow direct calculation of skeletal P 
via rib bone biopsy (Dixon and Coates, 2010).  
Less invasive methods of measuring changes in skeletal P have been investigated. 
Coates and Murray (1994) investigated the use of tail-bone density, assessed by 
single photon absorptiometry in steers grazing P deficient and P supplemented stylo-
based pastures and compared the results to plasma inorganic phosphorus (PiP) and 
rib CBT. All methods differentiated between supplemented and un-supplemented 
steers, with PiP giving the “highest level of discrimination” and CBT and tail-bone 
density giving similar but lesser discrimination between treatment groups. It was 
suggested that with further development of the technology, tail-bone density could be 
a viable alternative to rib biopsy: it is non-invasive, can be repeatedly measured at 
any time interval, and is affected by age (Coates and Murray, 1994). However, this 
technology is still limited by the aforementioned limitations on rib CBT in that parts of 
the skeleton accrete and metabolise differently and correlations with whole skeletal 
phosphorus have not been identified. Keene et al. (2004) stated that “non-invasive 
imaging techniques are not sufficiently sensitive to detect changes in mineral content 
or composition of mature cows, and only modest changes in bone mineral can be 
observed with stage of lactation and parity”.  Zotti et al. (2010) suggested that the 
main limitation to absorptiometry technology is the lack of reference values for bone 
mineral density in cattle, as it is the “gold standard” for evaluating the bone mineral 
density in humans. 
Bone measurement of P through the biopsy sampling method is still recognised as 
the main method for measuring the turnover of P in the skeleton in relation to 
sufficiency of diet to meet nutritional demands of cattle, although bone should be 
sampled in conjunction with other indicators such as soil/pasture, blood, and faeces.  
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2.4.1.4 Blood 
The concentration of phosphorus in blood plasma (PiP) was first suggested by 
Theiler et al. (1928) as an indicator of the P status of grazing cattle. It has been 
utilised extensively as it is a large organic pool integral to the transfer of P around 
the body and is easy to sample (Dixon and Coates, 2010).  
However, there are a number of limitations to the sole use of PiP as an indicator of 
the P status of an animal. There is a difference in the PiP concentration of sample 
sites i.e. jugular or tail vein, as well as sample types i.e. plasma, serum, or whole 
blood (McCosker and Winks, 1994; Dixon and Coates, 2010). This must be taken 
into account when comparing literature as well as in estimating threshold values for 
normal blood P concentrations (Dixon and Coates, 2010). Cohen (1973a) found that 
exercise or excitement at the time of sample collection and storage of samples are 
also important (Gartner et al., 1982). Hydrolysis (bursting of red blood cells) releases 
organically bound phosphate resulting in falsely high measures of PiP (Cohen, 
1973a). These factors would indicate that a single blood sample is insufficient to 
determine the PiP concentration of an animal.  
Many studies have found direct relationships between PiP concentration to the rate 
of P absorption and salivary P excretion (Challa et al., 1989; Bravo et al., 2003). In 
Australia, a correlation between P intake and PiP has been reported by some 
authors (R2=0.94) (Hendricksen et al., 1994), but not by others (Coates and 
Ternouth, 1992). Read et al. (1986c) grazed P-repleted breeders on P deficient 
pastures and did not observe a decrease in PiP concentrations until the second 
lactation as the breeders were able to mobilise P from bone to meet the 
requirements of one lactation, which in turn, maintained the PiP concentration. Large 
differences in live weight, reproductive performance, and DMI were observed 
between supplemented and unsupplemented treatments, indicating that P was 
inadequate regardless of PiP concentration.  
In breeding cattle specifically, there are changes to the plasma P relationship which 
may explain the observed differences in correlations between PiP and P adequacy. 
Differences in relationship between PiP concentration and P adequacy are 
associated with the extra demands for P during pregnancy and lactation as well as 
the increased capacity of breeders to mobilise P to make up for low dietary P (Dias 
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et al., 2011). Lactating cows have been shown to have a lower PiP concentration 
when compared to non-lactating cows (Dixon et al., 2011a). Miller et al. (1997) in a 
study at Springmount found PiP was related to P intake on each sampling occasion 
(R2=0.76-0.96), but differed between sampling dates, and so no overall relationship 
was observed. Similarly, Ternouth and Coates (1997) found PiP was consistent 
throughout pregnancy, but taking a rapid decline in all treatment groups during 
lactation. PiP was positively correlated with P intake on each separate sampling 
occasion, although no correlation was observed when all sampling events were 
combined. Although Valk et al. (2002) studied high producing dairy cows, the results 
were generally consistent with the beef cattle studies. During the first lactation the 
cows were able to maintain DMI, milk secretion and PiP. However; in the second 
lactation the effects of low dietary P became apparent, with PiP concentrations 
inversely correlated to milk secretion (Figure 9).  
 
 
Figure 9. Relationship between P secreted in milk and blood plasma concentration in dairy cows fed 57%, 
80%, 100% of expected P requirements over two consecutive lactations (Valk et al., 2002). 
Miller et al. (1997) also found the effects of lactation on PiP persisted for some time 
post-weaning: PiP concentrations remained lower 5-9 weeks after weaning 
compared to PiP values in pregnant cows, even on high P intake diet. It is suspected 
that this depression is due to the replenishment of bone reserves, which in turn 
lowers the P in blood (Dixon and Coates, 2010). As a result, there are limitations to 
the use of PiP as a reliable indicator of P adequacy for beef breeding females across 
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northern Australia. The calving period can stretch from October to April, and 
measuring PiP in animals at different stages of lactation would likely result in no 
correlation between PiP and P adequacy (Dixon and Coates, 2010).   
Therefore, it is difficult to nominate threshold values for blood P concentrations. It 
seems likely that LW and milk responses to P supplementation occur when PiP is 
<30mg P/L, but economics should be considered before supplementing below this 
threshold (McCosker and Winks, 1994; Dixon and Coates, 2010; Jackson et al., 
2012).  
The reviews from Karn (2001) and Dixon and Coates (2010) have concluded that 
there is a “consensus that PiP concentrations can be used as an indicator of the P 
intake of the animal, although consideration needs to be given to a number of 
factors”, such as those described above. Hence, it is advised that plasma 
concentrations are performed in conjunction with faecal near infra-red reflectance 
spectroscopy (FNIRS) and wet chemistry measurement of P in faeces to gain the 
best estimation of P adequacy.  
2.4.1.5 Faeces 
To determine the sufficiency of P intake, it is logical to look at the output of P from 
the biological system. Judkins et al. (1985) and others (Pieper (1978) cited in 
Judkins et al. (1985), Cohen (1974)) found mean faecal P followed the changes in 
plant P as forage progressed from dormancy through active growth to maturity. 
There are three major fractions of phosphorus excreted in faeces: dietary P that is 
not available for digestion, available dietary P that was not absorbed, and 
endogenous faecal P losses. Endogenous faecal P loss is the excretion of P that has 
been secreted into the digestive tract through recycling e.g. saliva. Faecal P loss has 
been used to calculate the requirement for P intake (ARC, 1965; Braithwaite, 1985; 
Judkins et al., 1985; Read et al., 1986c; Ternouth, 1989; Dias et al., 2011), but there 
are complications associated with using faecal P output as an indicator of adequacy 
of P intake.  
Faecal P alone is a poor indicator of P deficiency as “responses (of faecal P to 
dietary P) invariably occurred when faecal phosphorus was relatively high and 
ceased when levels were considerably lower” (Winks et al., 1977; Braithwaite, 1985; 
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Read et al., 1986c; Ternouth, 1989; Ternouth, 1990). In addition, increased 
requirements for P during foetal development and lactation would further complicate 
this relationship (Cohen, 1974). Read et al. (1986c) highlighted that lactation 
complicates the interpretation of faecal P. In Table 9, no significant differences were 
observed between cows on different P treatments (-P, +P) during pregnancy and 
lactation. It was suggested that this anomaly was in response to lower DMI of the –P 
group resulting in depressed faecal output and no change in the faecal P measure. 
Table 9. P in faeces at different stages of lactation from Read et al. (1986c). No significant differences 
were observed although the -P treatment were deemed deficient due to plasma sampling and production 
factors. +P received 7g/hd/day supplementary P. 
  Treatment 
Year Physiological status -P +P 
1979 Late lactation/weaning 0.209 0.217 
 Late pregnancy 0.197 0.258 
1980 Early lactation 0.308 0.348 
 Late lactation/weaning 0.241 0.269 
 Late pregnancy 0.222 0.283 
1981 Early lactation 0.286 0.272 
 Late lactation/weaning 0.239 0.266 
 
Faecal P output has been shown to vary widely in response to dietary intake. This is 
due to the endogenous faecal loss combined with excess P ingested above 
requirements.  Coates and Ternouth (1992) found that the rates of endogenous 
faecal P excretion are not constant, ranging from 9.7 to 27.5 mg/kgLW/day. It was 
proposed that the endogenous faecal P was mainly from salivary volume and 
salivary P concentration, which are influenced by dry matter intake (DMI) and plasma 
P (PiP) concentration respectively (Karn, 2001; Dias et al., 2011). Ternouth (1989) 
suggested that “endogenous losses should be estimated on the basis of DMI for an 
adequate level of PiP”. Endogenous losses are then estimated from an independent 
parameter. Dias et al. (2011) also concluded that it is impossible to differentiate 
between endogenous and surplus P excreted, and so estimation via DMI is the best 
option. 
Dixon and Coates (2010) suggested a method for estimating a level of sufficiency of 
phosphorus using FNIRS to ascertain the energy intake of the pasture in relation to 
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the P content of the faeces. Their results were consistent with those reported by 
Cohen (1974),who included dry matter digestibilities as an independent second 
variable and found an improved relationship between P in pasture and P in faecal 
matter. Analysis of faecal components, in particular with regards to calculating 
sufficiency of P in the diet, requires both conventional wet chemistry to ascertain P 
concentration in faeces and FNIRS to estimate the energy and protein content of the 
diet (Coates and Dixon, 2009; Dixon et al., 2011b). The information gained from 
these analyses can calculate a faecal phosphorus to metabolisable energy ratio 
(FP:ME), which indicates the sufficiency of pasture for production. This assumption 
does not take into account the ability of body stores to substitute for lack of dietary 
intake for a limited period of time (Dixon and Coates, 2010). The use of the FP:ME 
ratio for estimating the risk of P deficiency to affect reproductive performance 
removes the reliance on assuming the contribution of body reserves and is based on 
the assumption that P requirement is directly related to animal productivity, which is 
related to the metabolisable energy (ME) intake (Dixon and Coates, 2010). The 
FP:ME ratio therefore provides an estimate of the risk that P deficiency may be 
affecting performance but not if animals will respond to P supplementation (M. 
McGowan, pers. comm.). 
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2.4.1.5.1 P:ME ratio to calculate P sufficiency  
There is a clear relationship between faecal P concentration and dietary P 
concentration. Dixon and Coates (2010) described unpublished results from field 
experiments at Springmount and Lansdown involving cattle grazing native and 
improved pastures with and without fertilisation (Figure 10). The results show a linear 
relationship between faecal and dietary P concentrations. 
 
Figure 10. The relationship between the concentration of P in the diet measured using oesophageally 
fistulated animals and 32P tracer and the concentration of P in faeces of Bos indicus cross cattle 
(growing animals or breeders) grazing tropical pastures at Springmount (SPR) or Lansdown (LDN) in 
north Queensland and not fed P supplements (D B Coates, unpublished results taken from Dixon and 
Coates (2010)).   
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Figure 11. The relationship between the concentration of P in the diet and concentration of P in the 
faeces in cattle fed forage based diets in Expt (a) tropical grass pastures (○) (R2 = 0.76) (Moir 1960), Expt 
(b) mixtures of a tropical grass and Lucerne (∆) (R2 = 0.79) (Cohen 1974), Expt (c) a range of north 
American forages (□) (R2 = 0.92) (Holechek et al. 1985), Expt (d) a tropical grass supplemented with 
various amounts of inorganic P (●) (R2 = 0.80) and Expt (e) a range of north American forages 
supplemented with various amounts of inorganic P (▲) (R2 = 0.95) (Sanson et al. 1990), or Expt (f) the 
data of Coates (unpublished) shown in detail in Fig. 1.  In each of experiments (a) to (e) 5 to 10 diets were 
measured in 3-10 animals.  In Expt (a) diet P concentration was estimated from plucked pasture samples.  
In Expts (b) through to (e) cattle were fed in pens (Dixon and Coates, 2010). 
Theoretically, however, there should be complications to this direct relationship. Sixty 
to ninety per cent of P in faeces consists of undigested microbial debris and 
endogenous P (Coates and Ternouth, 1992; Hendricksen et al., 1994), which is 
dependent on saliva and fluctuations in plasma P, and is related to DMI. DMI would 
need to remain constant for the relationships shown in Figure 10 and Figure 11 (Dixon 
and Coates, 2010). Other factors that could influence this relationship include the 
form of P in the diet (inorganic supplement or phytate), digestible fractions (DMD of 
the diet) (Dixon and Coates, 2010), and starch–which escapes rumen digestion and 
is fermented in the intestine, increasing fermentation in the hind gut and thereby 
increasing the P excreted in the faeces (Dixon and Coates, 2010). Cohen (1974) 
demonstrated that a multiple regression model, including dry matter digestibility 
(DMD) and faecal P improved this prediction of dietary P concentration.  
Although P calibrations have been developed for the NIRS analysis of faeces, it is an 
inaccurate method for estimating P (Coates and Dixon, 2009). For this reason, P 
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analysis. FNIRS is of value to this analysis by providing estimates of DMD, crude 
protein and legume content. From this measure of DMD, voluntary 
DMI/metabolisable energy can be calculated using formulae published by CSIRO 
(2007).  
Dixon and Coates (2010) proposed that the ratio of faecal P to dietary N could be 
used as an indicator of P deficiency. This was also emphasised as important by 
McCosker and Winks (1994). A ratio of FP:ME rather than FP:N has been explored 
as the correlations between observed faecal N concentration and diet digestibility 
and diet N concentration are not consistent, differing widely between pasture 
systems and seasons (Dixon and Coates, 2010). Condensed tannins also 
substantially increase the concentration of N in faeces independent of dietary P. For 
these reasons, a FP:N ratio is not likely to be a reliable indicator of P adequacy 
(Dixon and Coates, 2010). 
In order for the FP:ME value to give an indication of the risk of P deficiency, a 
threshold value must be assigned to distinguish between groups. Dixon and Coates 
(2010) back calculated the FP:ME ratio for lactating breeders (Table 10) and 
proposed that these values be used as threshold values at which dietary P 
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Table 10. The estimated P requirements of lactating breeders producing 5 kg milk/day calculated 
following CSIRO (2007) and likely threshold values for adequacy of dietary P requirements.  Any net 























350 -0.3 8.3 13 1.6 3.0 420 170 
350 0 10.1 17 1.6 3.2 400 180 
350 0.3 11.8 20 1.7 3.3 390 180 
350 0.6 13.6 24 1.8 3.4 370 190 
350 0.9 15.3 28 1.8 3.4 350 200 
400 -0.3 9.1 14 1.5 3.0 410 180 
400 0 10.5 17 1.6 3.2 400 180 
400 0.3 11.9 21 1.7 3.3 390 180 
400 0.6 13.3 24 1.8 3.4 370 190 
400 0.9 14.8 27 1.9 3.5 360 190 
450 -0.3 12.6 16 1.3 2.6 360 200 
450 0 14.4 20 1.4 2.8 350 200 
450 0.3 16.2 24 1.5 2.9 340 210 
450 0.6 18.1 27 1.5 3.0 320 210 
450 0.9 19.9 31 1.6 3.0 310 220 
Requirement FecP (g/kg DM), the concentration of P in faeces at which dietary requirements should be met;  
FecP/Diet ME (mg/MJ ME), the ratio of the concentration of P in faeces (mg/kg) to ME content of the diet at which dietary 
requirements should be met. 
Note (a). Ratio FaecP/DietME (Faecal P in g/kg DM and ME in MJ/kg diet DM measured with FNIRS). If the value measured is 
less than the threshold given above then the dietary P intake is likely to be less than the amount needed by the animal. 
Note (b). Ratio DietDMD/FaecP  (Diet DMD measured with FNIRS in g/kg and the faecal P concentration in g P/kg DM). If the 
value measured is greater than the threshold given above then the dietary P intake is likely to be less than the amount needed 
by the animal. 
The thresholds have since been revised for different classes of cattle and published 
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Table 11. Estimated phosphorus requirements of various classes of cattle and threshold values of 
adequacy of dietary P based on research results to 2012 (Jackson et al., 2012). 
 
The threshold suggested by Dixon and Coates (2010) is a P:ME ratio of 
420mgP/MJME. Limitations that have the potential to introduce error when using the 
P:ME ratio are outlined in Dixon and Coates (2010) and are as follows: 
(i) The ratio is reliant on the direct correlation of dietary P concentration and 
the concentration of P in faeces (Figure 11)  
(ii) Assumptions of the relationships and correct calculations between DMD, 
DMI and LWG in CSIRO (2007) 
(iii) No consideration is given for the substitution of P from body reserves 
during times of reduce P intake 
(iv) The ratio only applies when voluntary DMI is not limited by pasture 
availability 
59 | P a g e  
M . P h i l .  –  W h i t n e y  D o l l e m o r e  –  4 1 0 1 4 8 8 6  
(v) Ratio thresholds may not be applicable when P supplements are being fed 
(vi) The proposed threshold values of Dixon and Coates (2010) have not been 
tested 
A recent study into factors affecting breeder and heifer fertility (Northern Australian 
Beef Fertility Project McGowan et al. (2014) – Cash Cow) followed the reproductive 
performance of 78,000 cows from 78 mobs over 3 consecutive reproductive cycles. It 
was stated that one of the main factors affecting female reconception within 4 
months of calving in Northern Australia was the adequacy of P. The FP:ME threshold 
was established by looking at a multilevel analysis based on a response in 
reproductive performance. The threshold for adequacy was >500mgP/MJME 
(CP:DMD >0.125). This is interpreted as a level at which animals are at high risk of 
subclinical P deficiency, as calculated from lower reproductive performance 
(McGowan et al., 2014). 
2.5 Management Strategies for high risk P deficiency regions 
2.5.1  Supplementation 
Supplementation is one method of providing nutrients sufficient to meet animal 
requirements when the pasture is inadequate. Across northern Australia the annual 
rainfall pattern limits the productivity of the pasture. During the dry season the 
pasture senesces resulting in low nutrient levels. At this time, energy and protein 
requirements need to be fulfilled before there would be a response to P. This 
situation is reversed during the growing season, when energy and protein 
requirements are met, and so P is the most limiting nutrient. “It is clear that cow body 
reserves and nutrition, particularly near parturition, have important effects on milk 
output, weaning weight, re-conception and mortality in the seasonally dry tropics. 
Thus, in this environment nutritional management of the breeder often involves 
strategies to achieve substantial cow body reserves at the end if the wet season, to 
conserve cow body reserves through the dry season and to achieve appropriate 
target body reserves at the commencement of the following wet season for the next 
reproductive cycle” (Dixon et al., 2011a). Severe under-nutrition during the dry 
season can cause prolonged cessation of ovarian activity (Fordyce et al., 1997). 
Supplementation is one strategy that is used to maintain these body reserves to 
maintain reproductive efficiency. 
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2.5.1.1 Phosphorus supplementation delivery 
McCosker and Winks (1994), Dixon (1995) and Jackson et al. (2012) have 
summarised P supplementation options and the advantages and disadvantages of 
each system for northern Australia. This review provides a brief summary of P 
supplementation methods and their advantages and disadvantages. 
Loose licks are widely used for P supplementation across northern Australia. They 
are normally a mixture of salt, Kynophos (or other di-calcium phosphate), urea, 
ammonium sulphate (gran-am), sulphur, cotton seed meal (or other protein meal). 
The composition of the lick varies according to the season when it is supplied. As P 
is the primary limiting nutrient during the northern wet season, P becomes the 
dominant ingredient in the loose lick, with some just containing only di-calcium 
phosphate and salt. The advantages of loose lick are that it is relatively cheap, a 
well-established delivery technique, and is highly flexible in the composition of 
minerals. Disadvantages include a difficulty in controlling individual animal intakes, 
and therefore the delivery of the correct amount of lick to each animal. The loose lick 
mixtures do require shelter as they tend to absorb water and become spoiled. 
An alternative is lick blocks, which are a commercially produced water resistant 
supplements. An example of a commercial lick block is “Phosrite”, a wet season P 
supplement block, or “Uramol” a urea and molasses lick block for the dry season 
when protein and energy are limiting. Lick blocks are well established with a large 
variety of mixtures available. They are convenient, require little labour for distribution 
to paddocks, and do not get spoiled during the wet season. However, the cost per 
unit of nutrient is higher than a loose mix, some regions have a limited ability to 
purchase blocks, and there is also no control of individual animal intake, which can 
result in a large variation in intake, and sometimes little to no intake. For example, 
when lick blocks were used at Mt Bundy, (Eggington et al. (1990) a 20-40% of 
breeders didn't consume any supplement. There is a large variation in supplement 
intake among individual animals when fed ad libitum (Figure 12), and a certain 
percentage of animals are non-eaters (5-20%); this percentage and individual 
variation tends to be much higher when voluntary intakes are low (<100g/d) 
compared with when they are high (0.5-1kg/day). The percentage of non-eaters will 
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also change over time, as animals gain more experience with the supplements 
(Dixon et al., 2003). 
It is well known there are a number of difficulties associated with achieving target 
intakes of supplements of low palatability (Eggington et al., 1990; Dixon et al., 
2011b). Supplement formulations need to balance the attractiveness of the 
supplement relative to the palatability of the pasture, with optimal quantities of 
attractants to achieve target intakes of the key ingredient (P) without causing 
excessive intakes of supplement. It is also important to consider the digestibility of 
the P source in the supplement. 
 
Figure 12. Distribution of supplement intakes and the target range for intake of supplement (Eggington et 
al., 1990). 
Also, differences between paddocks on the same property can affect the amount of 
supplement required and/or consumed (Smith, 1996) as well as variability throughout 
the year; voluntary intake can change radically with rain events (Dixon and Coates, 
2010). 
Another method of P supplementation is water medication. This involves the addition 
of soluble supplements to the water supply. A number of methods have been tried, 
but the uptake of the technology has been limited. Methods include an automatic 
dispenser attached to water troughs/tanks, and "Bombing"— manually adding the 
supplement mix into turkey nests/bores. The cost of soluble P supplements makes 
water medication a suitable option for P supplementation in northern Australia. Other 
advantages are that animals are all forced to consume the supplement through the 
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drinking water and water intake increases with increasing dry matter intake and 
hence supplement intake increases in relation to feed intake. Disadvantages include 
difficulties with rainwater changing the supplement concentrations in water troughs, 
the high costs of capital outlay for system implementation, algal toxicity, and water 
precipitation of the P supplement in water with high Ca or Mg content. Water 
supplementation also requires skilled labour to maintain the correct addition of 
supplement and to repair and/or maintain the system. The technology is still being 
improved and developed as it is thought to have huge potential for the future. 
2.5.1.2 Responses to phosphorus supplementation in growing, 
pregnant and lactating cattle  
Various responses have been reported for P supplementation. It seems that the 
variation in the magnitude of the response is dependent on the P status of the animal 
prior to supplementation and the energy and protein status of the cattle in each 
situation. Winks (1990) compiled a review of the LWG and reproductive responses in 
cattle to P supplementation Appendix 1 and there has been little research done in 
the last twenty years to add to this (Dixon and Coates, 2010). Supplementing 
animals suffering from P deficiency can have a positive effect on the performance of 
cattle by increasing feed intake, liveweight gain, reproduction efficiency, and milk 
yield, and reducing mortality (Winks, 1990).  
Gartner et al. (1982) fed high and low P diets to cattle with the same DM intake and 
reported an improved feed conversion efficiency with increased dietary P. However, 
as voluntary feed intake by grazing ruminants is influenced by a number of other 
factors pasture availability, pasture quality, rate of digestion, physiological state, etc. 
supplying additional P may have varying results in a grazing situation (Winks, 1990).  
Live weight gain responses to supplementation occur when P is the primary limiting 
nutrient. This is important in the northern Australian context as responses are only 
likely to be seen as LWG during the wet season when there is sufficient protein and 
energy to allow weight gain. Winks (1990) suggested that “the N concentration 
needs to be above 1.5% (9.4% CP) for responses to occur”. Dixon and Coates 
(2010) disagrees, stating that “Extensive faecal NIRS measurements from cattle 
grazing native pastures in northern Australia indicate that diets seldom exceed 1.5% 
N, and are usually considerably less than 1.5% N even in the wet season. Moreover, 
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diet quality estimates obtained using faecal NIRS indicate that Bos indicus and Bos 
indicus cross cattle can gain LW when diet N concentration exceeds about 0.8% (5% 
CP). With legume-based pastures CP and ME concentrations are often sufficient for 
LW gain well into the dry season.  Thus responses to P supplement can be expected 
and have been well demonstrated in cattle grazing such legume based pastures”. 
Grazing trials conducted on legume based pastures across northern Australia 
(Narayen near Mundubbera, Lansdown near Townsville, Springmount near 
Mareeba, Manbulloo near Katherine) (Winter et al., 1990) provided the additional 
information for Dixon and Coates (2010) to reach this conclusion. These sites all 
have insufficient P in the soil to meet animal requirements. The legume content of 
the pasture was Siratro (Macroptilium atropurpureum) at Narayen and Stylosanthes 
at the other locations. Winter et al. (1990) described the LWG responses to P 
fertiliser and P supplement. The responses were grouped into early wet, late wet, 
early dry and late dry season for the northern sites, and spring, summer, autumn, 
and winter for Narayen. Experimental results are shown in Table 12. Although the 
annual LWG response to P supplement at the 3 northern sites was in excess of 
60kg/head (McLean et al., 1990), the seasonal responses tell a better story, 
indicating that pastures with a strong legume component can give a better response 
to P supplementation well into the dry season due to the higher dietary N content of 
the legume compared to native pastures (Winter et al., 1990; Dixon and Coates, 
2010).  
Table 12. Liveweight change responses to P supplement according to seasons (Winter et al., 1990). The 
seasonal responses relate to those treatments where the annual response to P supplement was large (> 
60 kg/animal).  Large responses were greater than 300 g/day, while moderate responses in the range 100-
300 g/day. (Dixon and Coates, 2010) 
Season Katherine Springmount Lansdown Narayen 
     
Early wet Positive & large Positive & moderate Positive & large Positive & moderate 
Late wet Positive & large Positive & moderate Positive & large Positive & large 
Early dry Positive & small Positive  & moderate Nil to negative Positive & moderate 
Late dry Negative & moderate Positive & small Variable Variable 
 
The negative responses in the early dry (Lansdown) and the late dry (Katherine) in 
Table 12 were possibly due to the fact that heavier/well-conditioned cattle were 
suffering a greater weight loss than the lighter/less-conditioned cattle on the poor 
quality diets rather than due to the P supplement treatments applied to these animals 
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(Dixon and Coates, 2010). Coates (1994) provided detailed results from the 
Lansdown site and showed that there was a positive response to P supplementation 
in 5 of 6 years in the early dry season for heifers grazing unfertilised stylo/grass 
pastures. The annual response of these heifers averaged 55kg/head over the six 
years, a value consistent with that found by McLean et al. (1990). Seasonal 
conditions have been shown to greatly affect the LWG responses to P 
supplementation. In 1990/91, steers grazing unfertilised stylo/grass pastures gained 
35kg/head while the P supplemented group gained 67kg/head. By comparison, 
during 1989/90 and 1992/93, steers gained 53 and 59kg/head (un-supplemented) 
and 118 and 150kg/head (supplemented) respectively (Coates and Murray, 1994; 
Dixon and Coates, 2010).  
The effects of P supplementation on reproductive efficiency of cattle grazing 
extensively, have been noted as very variable. The studies mentioned by Winks 
(1990) includes Theiler et al. (1928), Bisschop (1964) and Read et al. (1986a) in 
South Africa, Ward (1968) in Zimbabwe, Black (1943) Black et al. (1943) in Texas, 
USA, and Hart and Mitchell (1965) in Australia. Winks (1990) concluded that “Under 
Australian conditions…few studies have shown a significant benefit” from P 
supplementation of breeders. Dixon (1995) collated a number of small studies from 
across northern Australia, reporting small benefits in reconception rates and weaning 
percentages, and a reduction in breeder mortality due to P supplementation. 
However, these studies were inconclusive as to whether the improvement was solely 
in response to P supplementation or a change in other management practices, such 
as stocking rates or weaning regimes that were changed at the same time. Dixon et 
al. (1996) concluded that the provision of supplementation during postpartum 
anoestrus had a greater effect on liveweight gain in heifers and weaning weights 
than on reducing postpartum anoestrus. It should be noted that animals not receiving 
supplement in this trial also had high weaning rates. It was suggested by Dixon and 
Coates (2010) that few studies investigating the effects of P on reproductive 
efficiency have shown a significant benefit in northern Australia because of “studies 
not targeting land systems with low P soils and a lack of comprehensive and well-
designed studies involving breeders”. 
A trial at Springmount demonstrated large biological responses to P supplementation 
on a stylo/grass pasture system that was acutely deficient in soil P (Coates, 1996; 
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Miller et al., 1996; Miller et al., 1997). Breeders were divided into 4 treatment groups 
from 1993-1995: low soil P – no supplement (LP), low soil P – P supplement (LP+P), 
low soil P – N supplement (LP+N) and low soil P – N and P supplement (LP+NP). 
Unfortunately, paddock replication did not occur and so the results could be 
confounded by paddock effects (Dixon and Coates, 2010). The breeders responded 
positively to the P supplement through increased wet season LWG, milk production, 
and body condition score at weaning (Table 13). The supplements were supplied all 
year. It should be noted that the addition of P supplementation to the diet under a 
legume/pasture system can change the dietary botanical composition through 
increased preference for legumes, such as Stylosanthes (Karn, 2001).  
Supplementation has been shown to have a large effect on body condition score and 
would therefore have a substantial effect on the ability of these breeders to 
subsequently reconceive (McGowan et al., 2014). P kinetics was studied in 
September 1994 (second round draft) at Springmount when feed quality was low. P 
balances were 13 and 15 g/day for the LP+P and LP+NP groups respectively while 
the LP and LP+N treatments were 1.1 and -2.6 g/day. Interestingly, this shows that 
breeding animals can retain P supplement for use even when forage quality is low 
and they are losing LW. Also, these animals were able to use this P for the 
developing conceptus while maintaining or replenishing bone P reserves. In contrast, 
the LP and LP+N groups would be using bone reserves to meet the needs of the 
developing conceptus, resulting in no opportunity for re-alimentation of P reserves 
without failing to reconceive. It should be noted that P supplementation when forage 
quality is low does not result in LW benefits, but the higher P reserves are beneficial 
during the subsequent lactation when the animal is again placed under a high P 
demand (Dixon and Coates, 2010). This being said, most production benefits are 
seen over the wet season when P is the primary limiting nutrient and protein and 
energy levels are adequate. Hence, it is generally recommended that provision of dry 
season P supplements is ineffective and uneconomical (Dixon and Coates, 2010; 
Jackson et al., 2012). 
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Table 13. Mean cow LW change calving to weaning, cow body condition score at weaning, milk 
production and total calf growth  for supplemented and non-supplemented cows managed at 
Springmount, North Queensland (Miller et al., 1997). Draft is the experimental group 1 and 2. 
Measurement LP LP+P LP+N LP+NP 
Cow LW change post calving to weaning 
(kg) 
                 Draft 1:  21/12/93 – 13/6/94 













Cow condition score at weaning (1 – 5) 
                 Draft 1 













Milk production (kg/cow/day) 
                 Draft 1 













Growth of calves (kg) 
                 Draft 1:  21/12/93 – 21/3/94 













*Draft is the experimental group (1 and 2). 
 
2.5.1.3 Other management strategies to be considered with 
phosphorus supplementation 
 Currently, the best management strategy is to combine supplementation with 
herd segregation or controlled mating and early weaning of high risk animals, such 
as first and second lactation heifers (McGowan et al., 2014). Improved nutritional 
management of a Droughtmaster herd at Victoria River Research Station in the 
Northern Territory increased weaning rates by 25% (55-80%), weaning weights by 
40kg (150-190kg), and breeding herd efficiency from 23.4 to 37.5kg calf weaned per 
100kg cow mated per year (Sullivan et al., 2000). This improved nutritional 
management through supplementation was unable to distinguish the direct effect of 
supplementation as it was introduced in conjunction with other management 
strategies. It is suggested by Miller et al. (1997) and De Brouwer et al. (2000) that P 
supplementation provided during periods of poor pasture quality could meet the 
requirements for developing conceptus and maintenance/increase bone reserves for 
the subsequent lactation, it is not designed to meet the dietary requirement of P 
alone. 
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There are a number of factors that interact to improve or limit the effectiveness of 
phosphorus supplementation. Consideration must be given to the interaction of P 
and the levels of energy and N available as well as the influence of Ca and N 
metabolism on P metabolism, and the recycling of P within the body. P 
supplementation in northern Australia is most effective during the wet season when 
energy and N are adequate, but may also be beneficial during periods of poor 
pasture quality to meet the requirements of a developing conceptus and 
maintain/increase bone reserves for the subsequent lactation. It is currently difficult 
to quantify the P requirements for different animals, properties, and regions. The 
P:ME ratio has been identified as a possible indicator of the risk of P deficiency 
within mobs across northern Australia, and identified as an important factor 
influencing the reproductive performance of beef breeding females in northern 
Australia (McGowan et al., 2014).  
This project aims to quantify current management in regards to P supplementation of 
beef breeding females and to define what factors affect the FP:ME ratio. 
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3.0 Methodology: 
The study consisted of a retrospective analysis of data collected as part of a large 
epidemiological study (the Cash Cow project) of factors affecting the likelihood of 
cows becoming pregnant and pregnant cows weaning a calf in commercial beef 
breeding herds in northern Australia (McGowan et al., 2014). The candidate 
participated in all aspects of data collection on properties located in the Northern 
Territory. The following sections describe how all data used in this study were 
collected as part of the Cash Cow project. 
3.1 Selection of properties and mobs 
Northern Australia was initially divided into the following regions for the purposes of 
selecting co-operator properties: Southern Queensland, Central Queensland, 
Western Queensland, Northern Queensland, North-West Queensland, Barkly 
Tableland, and Top End/Kimberley. It was considered that these regions represented 
the major beef breeding regions of northern Australia. 
 Seventy-eight properties (Figure 13 and Table 14) and 142 breeding mobs 
(management groups) were enrolled in the Cash Cow project.  A total of 71,000 
females from 75 mobs were monitored over a 3 year period (2009 – 2011). 
Wherever possible a heifer mob and a cow were enrolled from each property. 
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Figure 13. Map of properties enrolled by region. 
 
Table 14: Number of properties initially enrolled in Cash Cow for each geographical region. 
Region Number of properties  
Barkly Tableland 4 
Central Queensland 14 
Northern Queensland 16 
North-West Queensland 7 
Southern Queensland 19 
Top End/Kimberley 12 




3.2 General data collection and collation 
Data was collected via surveys, sample submission paperwork (FNIRS Template), 
crush-side electronic data collection performed by a trained operator and data drills 
of geographical and meteorological databases. This data was stored using 
Microsoft® Access databases and collated using queries within the Access 
databases as shown in Figure 14. 
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To ensure consistency of all the information collected, Cash Cow producers and their 
key staff were required to attend a Stocktake training program. The Stocktake 
program was an off-the-shelf program delivered in twelve workshops across the 
project area to develop the necessary skills for measuring and reporting on paddock 
scale pasture and land condition. The producers were also provided with photo 
standards for 12 common pasture communities. 
Also, to standardise crush side data collection a training workshop for all data 
collectors was conducted prior to commencement of the Cash Cow project.  
Subsequently, several follow-up workshops were conducted, usually in conjunction 
with the annual project meeting and included assessment of variation between data 
collectors for key measurements. 
 
Figure 14. Schematic of data collection and collation procedures, adapted from McGowan et al. (2014). 
 
 
Herd Management information 
- Background survey 
- Breeder management 
survey 
Paddock information 




 (BCS, Lact., Wt.) 
Paddock movement diary Nutrition records 





Survey Collation database 
(MS Access 2010) 
 Analytical Unit DEEDI Analytical Unit 
(Fec. P) 
UQ Analytical Unit 
(FNIRS) 
Nutrition and environment collation database 




/ Gallagher TSI 
Outcross Pty Ltd 
Animal Database 
Animal and paddock change database 
(MS Access 2010) 
Central Animal Database 
(MS Access 2010) 
Stata : Master Analysis data file 
Merging the data from various MS Access files was 
automated using coded Stat/Transfer V11 and Stata files. 
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Property management data were collected in two stages: 
Stage 1: Initially, each co-operating property was visited by a regional coordinator to 
discuss project details and collect information on the property’s resources and 
cow/heifer management using survey templates (Appendix 2). This information was 
only updated if there were significant changes during the course of the project. Key 
information in the resource survey included an overview of property location, annual 
rainfall, value, pests and known disease, herd size, and fence security. The 
cow/heifer survey included mustering technique, supplementary feeding, vaccination 
programs, and selection, joining, weaning, culling and genetic improvement policies. 
Stage 2: Standardised templates were filled out by the producer to record day to day 
management of each breeding mob with respect to paddock changes and removal or 
addition of cattle and were submitted annually.  For properties that failed to submit 
information the templates were completed during the annual visit by the regional 
coordinator, referring to the property’s diary/book records. 
Data collected on heifers/cows at the crush was stored locally on a laptop and then 
sent to a central server managed by Outcross Pty Ltd, the commercial electronic 
data collection company employed by the Cash Cow project. Multiple backup copies 
of all data files were generated within Outcross for data security. Individuals 
responsible for data collection at each site also submitted a separate Processing 
Report to Outcross. 
Rules-based processes were used within the Outcross system to check and clean 
data and remove duplicate or erroneous records. Duplicate data could include things 
such as the data collector recording for example Lactation Status = Dry and then 
changing it to Wet; the initial recorded Lactation Status would be removed. 
Erroneous data could include things such as weights that were obviously outside a 
normal range. 
As an additional check that all data had been accounted for, a Data Collection Log 
was kept. This file incorporated such information as the start and end dates for each 
lot of property data collection, the property code and Mob ID, whether it was a 
pregnancy testing or wet/dry round, the number of females processed, the name of 
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the data collector, whether a report had been generated and forwarded to the 
collaborator, and any other notes on the data collection.  
Data were extensively verified retrospectively using a number of different methods, 
which included a large number of queries written in Microsoft® Access and 
contingency tables using SAS® and Stata®. These approaches were used to identify 
and resolve duplicate records and situations where biologically implausible or 
illogical data entries indicated likely data entry errors. Where possible, these issues 
were resolved such that valid data were retained. 
3.3 Faecal sampling and analysis 
Diet quality and in particular, dry matter digestibility, dietary crude protein and faecal 
phosphorus was determined by collection of faecal samples which were analysed 
using Near Infrared Reflectance Spectroscopy (FNIRS) and wet chemistry (for P). 
Collection of fresh faecal samples for each of the Cash Cow mobs was performed in 
January, March, May, August and November of each year (Figure 15). If the 
sampling coincided with crush-side data collection the sample may have been 
collected directly from the rectum of a random sample of cows, but otherwise the 
sampling procedure described below was used. If for logistical or other reasons a 
sample was not collected in a scheduled month, every effort was made to collect the 
sample in the following month. P supplements were not withdrawn prior to the faecal 
sample collection as this was logistically very difficult to do on many properties, 
especially during the wet season.  
 
Figure 15. FNIRS collection and survey data collection from McGowan et al. (2014). 
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The faecal sample collection protocol used was as follows: 
1. Fresh faeces were collected at watering points, supplementation stations or 
cattle camps. 
2. Care was taken to avoid contamination with soil or plant material or dung 
beetles. 
3. Samples were collected from approximately 10-15 different animals into a 
composite sample. The composite sample was placed in an appropriate, 
labelled container, such as a zip-lock plastic bag for storage and dispatch. 
The sample was frozen as soon as possible after collection. 
4. Wherever possible the samples were sun dried on-property as follows: 
• The faecal sample to be dried was placed on a piece of clean, flat 
galvanised iron or other non-absorbent material 
• The sample was spread out like a pancake to a thickness of 10mm or 
less 
• After about 4 hours in the sun, the sample was turned over in one 
piece, if possible 
• After another four hours, the sample was dry, depending on the 
weather. Once dry, samples were broken up and placed in a labelled 
brown paper bag and posted to the University of Queensland 
accompanied by a FNIRS information sheet. After receivable each 
sample was further oven dried before being sent off for NIRS testing. 
 
The FNIRS information sheet contained producer/manager estimates of pasture 
quantity, supplements being fed, mob body condition score and stocking rate at the 
time of sampling. 
The FNIRS analysis of the faecal samples was as per the method of Coates (2004), 
Dixon and Coates (2005) and Lyons and Stuth (1992). Samples were ground in a 
Udy Cyclone Mill to pass a 1mm screen to reduce particle size and ensure uniformity 
of particle dimension for improved precision of NIRS results. Moisture was stabilised 
in the samples before they were scanned with a Pacific Scientific NIR scanner 4250 
equipped with 3 tilting filters and a spinning sample cup. The NIR results were then 
calibrated via calibration equations that were developed by Coates (2004) for 
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environments across northern Australia, including the regions in the Cash Cow 
project. The results of the FNIRS analysis provided indications of dietary quality 
including percentage crude protein, dry matter digestibility, percent non-grass and 
ash.  
Faecal phosphorus (P) was determined using wet chemistry techniques (Dixon et al., 
2007). Phosphorus concentration of all submitted faecal samples was determined 
using a method based on a method described by Zarcinas et al. (1987). In brief, the 
method consists of approximately 0.3g of faecal sample being digested with 6mL of 
nitric acid and 2mL of perchloric acid and then made up to 20mL with reverse 
osmosis (RO) water. The digested samples were then analysed using an inductively 
coupled plasma spectrometer (Optima 7300 DV, PerkinElmer; Waltham, MA, USA).  
Since the amount of phosphorous needed depends on the amount of energy the 
animal is consuming, it has been assumed the need for phosphorous can be 
estimated from the ratio of the phosphorous concentration in faeces and the level of 
dietary energy (metabolisable energy). 
The phosphorus to metabolisable energy ratio (FP:ME) at a threshold of 
500mgP/MJME has been used to estimate the risk of phosphorus deficiency 
adversely affecting the reproductive performance of commercially managed beef 
cattle in northern Australia (McGowan et al., 2014). Metabolisable energy (ME) was 
calculated from the dry matter digestibility (DMD) determined by FNIRS using the 
following equation  = 0.172	

 − 1.707 (CSIRO, 2007). The ratio of FP to ME 
was expressed in terms of mgP/MJME. 
During the dry season the major limiting nutrient for cattle production is often 
nitrogen rather than metabolisable energy or phosphorus. Phosphorus requirements 
are usually much lower in the dry season unless an animal is lactating or in late 
pregnancy. As the wet season (November – April) is the expected period of greatest 
risk of P deficiency, the mean FP:ME was derived for all samples collected during 
the wet season each year. Faecal samples were required to be collected during the 
months of November, January, and March in all paddocks occupied by Cash Cow 
project cattle. In a relatively small number of cases faecal samples could not be 
collected during the required month (e.g. due to major flooding events) and in these 
cases the FP:ME was estimated by taking the mean of the sample collected before 
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and after the required sampling. This approach was considered valid as it was 
observed that during the wet season FP:ME on a given property did not vary 
significantly. 
3.4 FP:ME threshold values 
The threshold for FP:ME ratio used in this study was 500 mgP/MJME. This value is 
based on the findings in the Cash Cow project from univariable logistic regression 
models fitting FP:ME as the sole predictor of cow reproductive performance data 
(pregnant within 4 months of calving and calf loss) (McGowan et al., 2014). 
However, it is recognised that this value is higher than the threshold value of 420 
mgP/MJME recommended by Dixon and Coates (2010). The latter value is for a 
400kg cow maintaining weight and grazing pasture with a DMD of 54% pasture and 
producing 5L of milk per day.  
Jackson et al. (2012) outlined a range of FP:ME threshold values for a 400kg 
lactating cow producing 5L of milk per day. Less than 190 is considered acutely 
deficient, 190 to less than 300 is deficient, 300 to 410 is marginal and 410 or greater 
is considered adequate. However, these values are calculated assuming no P 
mobilisation from body reserves. According to the literature, P mobilisation can be up 
to 4gP/d during late pregnancy, 10gP/d during early lactation and 4gP/d in mid-
lactation (Dixon and Coates, 2010; Jackson et al., 2012). Jackson et al. (2012) 
thresholds have been calculated as a result of many investigations into the point 
where a response to P supplementation has been observed. This is a different 
process to determine a threshold value below which cow reproductive performance 
is likely to be adversely affected. This study used the threshold values presented in 
Table 15. 
Table 15. Threshold values for wet season (November - April) FP:ME adapted from Jackson et al. (2012), 
Dixon and Coates (2010) and McGowan et al. (2014). 
FP:ME threshold value 
Risk of P deficiency 
affecting cow reproductive 
performance 
Less than 300mgP/MJME Very high 
300mgP/MJME to less than 420mgP/MJME High risk 
420mgP/MJME to less than 500mgP/MJME Moderate risk 
Greater than or equal to 500mgP/MJME Low risk 
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3.5 Risk factors investigated 
3.5.1 Environment factors 
3.5.1.1 Country Type 
Initially, properties enrolled in the Cash Cow project were regionalised according to 
well-recognised geographical regions (Figure 13). However, the limitation with this 
approach is that the production potential of land can vary considerably across a 
given region. To address this, the Cash Cow project developed four categories of 
country type based on the estimated production potential of the land   on each 
enrolled property. Properties with forested land types and fertile soils in the central 
and south-east regions of Queensland were differentiated into those outside 
(Southern Forest) and within the Brigalow belt (Central Forest). In northern areas, 
land types predominated by tree-less black soil downs (Northern Downs) were 
separated from forested land types with low-fertility soils (Northern Forest). The 
assignment of individual properties was further refined by using producer estimates 
of what the annual growth of steers would be if they were grazed on the paddocks 
where the enrolled heifers and cows were grazed. Figure 16 shows the properties 
enrolled and the country types in which each was categorised. 
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Figure 16. Map of enrolled Cash Cow properties by country type. 
  
3.5.1.2 Minimum dry season pasture yield 
 
Co-operating properties estimated pasture yields six times a year at the time of 
faecal sampling. To ensure consistency across the project, Cash Cow producers and 
their key staff were required to attend a Stocktake training program. Stocktake is a 
paddock-scale land condition monitoring and management package developed by 
Meat and Livestock Australia. It has been developed to provide grazing land 
managers with a practical and systematic way to assess land condition and long 
term carrying capacity and to calculate short term forage budgets. The course 
includes a handbook with photo standards developed by state government primary 
industry departments across each region for the significant land types. After training 
all producers were supplied with photo-standards of pasture yield of twelve typical 
northern Australian pasture communities. The photo-standards are made through a 
process of photographing and then cutting, drying and weighing the standing dry 
matter in that area.  
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At the time of faecal sampling information regarding the estimated pasture yield was 
collected and submitted (Table 16). 
Table 16. Excerpt from the faecal NIRS template outlining categories of estimated standing dry matter 
(ESDM) 
4. Estimated Minimum Pasture Yield  













      
 
The mean estimated minimum pasture yield for the dry season (May – October) was 
calculated for each breeding mob on each property. The estimated pasture yield was 
used to calculate the minimum pasture available during the dry season and 
compared to the FP:ME from the faecal sampling in the following wet season.  
For the binary model the mean minimum dry season pasture yield for each property-
year was categorised based on the number of samples in each category as follows; 
less than 1000kgDM/ha (<1000), 1000 to less than 2000kgDM/ha (1000 - <2000), 
2000 to less than 3000kgDM/ha (2000 - <3000) and greater than or equal to 
3000kgDM/ha (≥ 3000). Note there were few samples where the estimated minimum 
pasture yield was less than 500kgDM/ha or greater than 4000kgDM/ha. 
3.5.1.3 Minimum wet season pasture yield 
The mean minimum wet season pasture yield was calculated from 
producer/manager estimates submitted during the wet season (November – April) for 
each breeding mob on each property.  
For the binary model the mean minimum wet season pasture yield for each property-
year was categorised based on the spread of the data as follows; less than 
1000kgDM/ha (<1000), 1000 to less than 2000kgDM/ha (1000 - <2000), 2000 to less 
than 3000kgDM/ha (2000 - <3000) and greater than or equal to 3000kgDM/ha (≥ 
3000). 
3.5.1.4 End of growing season minimum pasture yield 
Pasture yield at the end of the growing season (May sample) was a key determinant 
of whether quantity would become limiting before the onset of the next wet season. It 
is thought that if the pasture amount at the beginning of the wet season is limiting 
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there is less ability of the pasture to respond to rainfall and so this may influence the 
P:ME ratio over the following wet season. If the sample submitted in May had an 
estimated pasture yield (Table 16) less than 3000kgDM/ha, the pasture was 
categorised as adequate for the dry season consumption with sufficient residual to 
respond to rainfall in the following wet season. Below this amount the dry season 
pasture quantity was considered inadequate. 
3.5.1.5 Wet season crude protein to dry matter digestibility  
The theory of the first limiting nutrient would suggest that nutrients in order of 
importance are metabolisable energy followed by nitrogen (protein), and then P. It is 
assumed that during the wet season the energy and protein requirements of an 
animal are met by the pasture and so P then becomes the first limiting nutrient.  
The ratio of crude protein to dry matter digestibility (CP:DMD), provides a measure of 
the availability of rumen degradable nitrogen to metabolisable energy in the diet. It is 
estimated directly from the aforementioned FNIRS analyses, which provide an 
estimate of percentage crude protein and dry matter digestibility of pasture. The 
mean CP:DMD was determined for the wet season from samples collected between 
November and April each year. In a relatively small number of cases faecal samples 
could not be collected during the required month (e.g. due to major flooding events) 
and in these cases the CP:DMD was estimated by taking the mean of the sample 
collected before and after the required sampling. This approach was considered 
valid as it was observed that during the wet season CP:DMD on a given property did 
not vary significantly. 
Ruminant nutritionists Dixon and Coates (2010) currently recommend that a ratio of 
CP:DMD of 0.1-0.11 is appropriate for areas other than coastal speargrass areas of 
eastern Queensland. Trial results from northern speargrass pastures also concluded 
that a ratio of CP:DMD >0.125:1was appropriate as a level at which benefit from N 
supplementation will occur (Dixon and Coates, 2005). As a number of properties 
within the Northern Forest country type are speargrass dominant pastures, the 
project analyses were conducted using a conservative CP:DMD measure of 0.125:1 
(DMD:CP = 8:1) (McGowan et al., 2014). 
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For the binary model the mean wet season CP:DMD for each property-year was 
categorised as follows; less than 0.125 (<0.125), 0.125 to less than 0.143 (0.125 -
<0.143), 0.143 to less than 0.167 (0.143 - <0.167) and greater than or equal to 0.167 
(≥ 0.167).  
3.5.1.6 Mean annual rainfall  
All rainfall data for each property were obtained from silo data drilling of the Bureau 
of Meteorology (BOM) database and property rainfall records. Silo drills are taken 
from a database that continuously provides daily climate data suitable for use in 
simulation models and is used to model pasture growth. The data drills access grids 
of data interpolated from approximately 4600 point observations by the BOM 
weather stations dating back to 1890 for rainfall observations and 1957 for climatic 
variables to generate climate information for anywhere in Australia (Jeffrey et al., 
2001). The rainfall data drills were downloaded for each property for the last 100 
years using the silo data drill website facility (http://www.nrw.qld.gov.au/silo). 
Independent cross validation has been used by Jeffrey et al. (2001) to analyse the 
temporal and spatial error of interpolated data. Although it is more accurate to 
measure daily rainfall directly than interpolated data the differences were considered 
minor and the quality of monthly data in comparison to daily data increases the 
quality (accuracy) of the data (Jeffrey et al., 2001). The average annual rainfall data 
was derived from a thirty year average for each property.  
3.5.1.7 Wet season onset 
 
The timing of the onset of the wet season onset was derived using the interpolated 
daily rainfall information that was downloaded from the Australian Bureau of 
Meteorology (BOM) using the GPS location for each paddock grazed by enrolled 
cattle or the property homestead. The wet season usually occurs between October 
and April (Figure 17).  
The onset of the wet season has been taken as the date when cumulative rainfall 
has reached 50mm after the 1st of September (but before March 31). This date was 
then classified into 4 categories across all regions using the following Cash Cow 
definitions: 
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• Early – prior to 15th September 
• Normal – between 15th September and 31st December 
• Late – after the 31st December 
• Not occurring – after the 31st March the following year 
For the purposes of the binary analysis this variable was collapsed into two 
categories; early wet season onset and normal to late wet season onset. 
 
Figure 17 The area of northern Australia where the wet season rainfall is influenced by the monsoon, and 
the months when the wet season occurs (BOM, 2014). 
3.5.1.8 Wet season duration 
The duration of the wet season was also calculated from the BOM silo drills. The 
duration was defined as the period between the date of onset of the wet and the date 
of its retreat. The retreat date is defined as the date where the backward 
accumulation of rainfall from the 1st June reaches 50mm. However, this date cannot 
occur earlier than the 30th April. The duration of the wet season was classified into 3 
categories: 
• Short: was defined as a wet season less than 4months in duration. 
• Normal: was defined as a wet season between 4-6 months in duration. 
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• Long: was defined as a wet season greater than 6 months in duration. 
For the purposes of the binary analysis the wet season duration categories were 
collapsed; short to normal wet season duration and long wet season duration. 
3.5.1.9 McCosker and Winks (1994) soil P categories 
Soil P category is based on a comparison between the McCosker and Winks (1994) 
soil phosphorus map and the map of the Cash Cow properties. The soil P map was 
from a picture rather than a shape file. To allow a match-up of all locations with the 
Cash Cow property map GIS software (ArcGIS) matched the longitude and latitudinal 
referencing of the property or paddock on the Cash Cow property map with a geo-
referenced version of the soil P picture. The geo-referencing was performed on the 
picture using the location of state borders, Brisbane, Broome and the top of the Cape 
York Peninsula to the Cash Cow property map.  The resulting map is shown below in 
Figure 18. 
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Figure 18. Map identifying the location of Cash Cow properties and the soil P classifications from 
McCosker and Winks (1994). 
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Three soil P categories are defined by McCosker and Winks (1994) based on the 
amount of plant available soil P in parts per million (ppm) using the bicarbonate 
extraction method measured in the first 10cm of the soil profile (Figure 18): 
• “Acute and deficient” is <4-6ppm (Red) 
• “Marginal or mixed” is 7-8ppm (Yellow) 
• “Adequate” is >8ppm (Green) 
3.5.2 Management factors 
3.5.2.1 Wet season phosphorus supplementation 
Supplement information was collected in conjunction with the FNIRS data template 
(Table 17) and from the cow/heifer management survey (Appendix 2). Co-operating 
producers/managers were also asked to keep records of any supplements fed in a 
supplement spreadsheet submitted to the regional co-ordinator each year of the 
study. This information was collated and summarised for each wet season for each 
property during the study. 
Table 17. Excerpt from the FNIRS data template pertaining to feeding of supplements 
8. Description of supplement (at time of sampling) 
Supplement Type 
Tick a box 
General description of supplement i.e. 
30% urea Stocklick dry season mix 
Intake 
grams or litres / hd / 
day 
Nil                     
 
Dry Lick                     
      
Molasses based             
      
Grain based                 
      
Other                       
      
 
Four risk factors were derived from the supplementation information: 
1. Whether a P supplement was fed during the wet season – this was derived 
from the FNIRS data templates and survey data and given a value of “1” for 
provision of supplement and “0” if no wet season P supplement was fed.  
2. The duration a P supplement was fed during the wet season - this was 
derived from the FNIRS data templates. The 2 categories used for this factor 
were; provision of P supplement for less than or equal to one month (≤ 1m) 
and greater than one month (>1m). 
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3. How the supplement was delivered - this was derived from the FNIRS data 
templates (Table 17). Three methods of delivery were primarily used Dry Lick, 
Molasses based and Lick Block. As some producers changed the type of P 
supplement fed over the wet season the 3 methods of delivery were recorded 
in order of frequency of use. For the purposes of the statistical analysis the 
main method of delivery used per year for each property was used as the 
delivery method. 
4. The amount of P provided - this was derived from the FNIRS data templates 
(Table 17). The average supplement intake was determined from the reported 
percentage of the lick that was P supplement against the average daily intake 
provided (g/head/day). For the purposes of this study variation in individual 
cattle supplement intake was not taken into account because the objective 
was to assess the impact of property level management practices.  
 
3.5.2.2  Wet season stocking rate 
Several alternatives were considered to measure stocking rates including attempts to 
assign regional stocking rates, long term carrying capacities, and GRASP modelling 
within the Cash Cow project (McGowan et al., 2014). To attempt any of these with 
limited resources, across a large number of paddocks, a range of grazing 
management strategies, and fluctuating animal numbers was not possible. 
Three hundred and fourteen paddocks were digitised from either paper based maps, 
satellite derived maps, existing digital maps, or GPS points. Ninety six (96) paddocks 
that contributed animal-level data were not mapped due to the required information 
either not being available or not forthcoming. Where short time duration (Cell) 
grazing using small paddocks occurred, those paddocks were classified as one 
paddock. Where paddocks were subdivided but the gates left open, or paddocks 
judged as insecure (poor fences), these were classified as one paddock (McGowan 
et al., 2014).  
Paddock areas were calculated using the ArcMap GIS program. The stocking rate 
was calculated using this paddock area in hectares and a count of recorded 
heifers/cows per paddock. The count of recorded heifers/cows was taken from the 
animal data collected crush-side in the first (wet/dry) mustering round. The stock 
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numbers after second (pregnancy diagnosis) round to the wet/dry muster were 
assumed to be steady and few paddock transfers occurred during the calving period 
(wet season). As the mean FP:ME is taken during the wet season it was assumed 
that the wet season stocking rate should be correlated with this steady state stocking 
during the calving period between the PD and Wet/dry muster and the wet season 
FP:ME. Most stock movements and paddock transfers occurred during the dry 
season without sufficient records to track movements for the Cash Cow analysis. 
However, with this assumption of a steady state over the calving/wet season period 
a stocking rate has been calculated. The stocking rates calculated are reasonable 
when compared to the regional averages/recommendations for the various country 
types (Hunt et al., 2007; Scanlan et al., 2011). 
For the purposes of the binary analysis stocking rate was divided into three 
categories based on the spread of data; <0.25 heifer or cow/ha, 0.25 to <0.5 heifer 
or cow/ha and >0.5 heifer or cow/ha. 
3.5.2.3 Wet season heifer or cows per watered area 
Beast per watered area was determined from the number of heifers/cows recorded in 
the mob for a property year and the area of the paddock grazed which was 
considered to have adequate access to a permanent watering point i.e. area within 
2.5km of a permanent water point (McGowan et al., 2014). Each property was 
mapped by GIS as previously mentioned at a property level. The area of each 
paddock considered to have adequate access to a permanent watering point was 
determined by one of three methods:  
• Where properties had been accurately mapped previously, a copy of this 
information was obtained and used 
• In the absence of accurate paddock boundary information, coordinates were 
collected for the corners of the paddock at the time of one of the enrolled 
cattle muster events or time of annual visit by the regional co-ordinator. 
• Alternatively, boundary information was collected remotely via satellite 
imagery and reviewed with the property owner/manager. 
Coordinates of watering points in paddocks of trial cattle were recorded in 
conjunction with information regarding the permanency of water to determine the 
areas accessible to grazing. The guidelines were that the watering point was 
87 | P a g e  
M . P h i l .  –  W h i t n e y  D o l l e m o r e  –  4 1 0 1 4 8 8 6  
available for stock drinking in most years and for the full year. Using GIS software, 
QGIS, 2.5km boundaries were drawn around watering points and added together to 
give the area of the paddock within 2.5km of water. This measure of grazing radii 
around watered areas has been investigated by Hunt et al. (2013). The study 
assessed spatial distribution of cattle within different paddocks by fitting global 
positioning (GPS) collars on cattle grazing in the paddocks. Spatial patterns of 
defoliation, plant species composition and pasture productivity were regularly 
assessed by ground-based pasture sampling (Figure 19).  
 
Figure 19. Overall pasture defoliation rates for the dry season in three paddocks of different size at 
Pigeon Hole. Each paddock had a single central water point. Allowing for 3 possible grazing radii; GR1 
=9km2, GR2 =21km2, GR3 =34km2. Predicted results from an analysis of co-variance of observed 
defoliation rates from Hunt et al. (2013). 
Table 18 shows the mean and maximum distance of cows from water in 3 paddocks 
studied by Hunt et al. (2013). This indicates that the majority of time in this 
environment cows grazed within 2.5km of water with a maximum distance of 4.6km. 
Table 18. The mean and maximum distance of cows to water under 3 treatments developed from the 













90% of GPS fixes 
(m) 
Grazing radius 1 8.9 941 (168) 2411 1700 
Grazing radius 2 21.3 1265 (164) 3858 2700 
Grazing radius 3 34.5 1534 (215) 4560 3300 
 
The grazing radius is influenced by paddock size, season and individual cow 
variation however, 2.5km is assumed to be a conservative estimate of grazing area 
around watering points (Senft et al., 1987; Hunt et al., 2007). Beast per watered area 
88 | P a g e  
M . P h i l .  –  W h i t n e y  D o l l e m o r e  –  4 1 0 1 4 8 8 6  
is likely to be a more accurate representation of stocking rate as the pasture readily 
available to the cattle is expected to be within 2.5km of permanent water, outside this 
area is likely to remain under-utilised.  
The accuracy of GIS software was not tested within the scope of this project. Ground 
truthing was not done unless the project team produced the map and in that case, it 
was sent to the producer for visual confirmation in most cases. If the producer had 
previously had a map created with GIS there was no further investigation into the 
accuracy of the property map.  
GIS software will come in 3 grades, “consumer” which has an accuracy of about 
10m, “mapping” which is accurate around 2-5m and “survey” which is below 1m 
(usually sub millimetre). Most of the GPS’ we would have access to are “consumer” 
grade. Furthermore that accuracy is based on an error probability measured either 
Root means square error (RMS) or circular error probability (CEP) which is the 
probability that the measured point falls within that 10m circle. Usually at the scale in 
which the current work was undertaken this level of GPS accuracy should be 
sufficient (Dale Jenner, pers.com.). 
QGIS mapping software was used to calculate areas within 1.5, 2.5, >2.5 km from 
water points. This area was then used to calculate the wet season beast per watered 
area (with a 2.5km water radius) at a property level using the number of cows 
recorded in each paddock per year divided by the calculated paddock watered area.  
The same assumptions for paddock movements have been made for wet season 
beast per watered area as for the wet season stocking rate. 
For the purposes of the binary analysis, beast per watered area was grouped into 5 
categories; less than 1.5 beast/ha (<1.5), 1.5 to less than 3 beast/ha (1.5 to <3), 3 to 
less than 4.5 beast/ha (3 to <4.5), 6.5 to less than 6 beast/ha (4.5 to <6) and greater 
than or equal to 6 beast/ha (≥ 6). 
3.5.2.4 Proportion of paddock burnt 
The percentage of a paddock burnt was collated per year for each property based on 
the information collected from the fire section of the FNIRS data template (Table 19). 
89 | P a g e  
M . P h i l .  –  W h i t n e y  D o l l e m o r e  –  4 1 0 1 4 8 8 6  
It was based on the estimates provided by the co-operating property 
owner/manager. 
Table 19. Excerpt from the FNIRS template recording fire events and/or fire management. 
5. Fire 
Fire since the last 
sample?  
Yes    No  
Date % burnt Intensity 
            Cool  Med  Hot  
Tick one box 
 
3.5.3 Animal factors 
3.5.3.1 Percent of the mob lactating annually and in the wet 
season 
Animal data was collected twice annually for each enrolled breeding mob. The 
wet/dry muster was conducted at weaning post wet season with a second round 
muster for pregnancy diagnosis performed prior to calving predominantly occurring 
prior to the wet season. The animal’s identity was automatically collected from the 
NLIS panel reader as it entered the crush. The RFID (radio frequency identification 
device) number (microchip within the NLIS device) was then transmitted via a cable 
to the rugged laptop running the AgInfoLink software. The RFID number would 
trigger the software to begin recording, and depending on whether it was an animal 
with data already recorded (an “enrolled” cow) or a new animal (heifer or cow) would 
determine whether historic information would be presented on the screen. The mob 
level data that was recorded for every animal included Processing Date, Property 
Code, Mob ID, Class (Cow or Weaner), Veterinarian, Operator (data collector’s 
name), Paddock-From Code, Paddock-To Code and Breed Type (genotype of mob). 
Once the standard information was recorded for each animal, which didn’t require 
user input after setup, the variable information was recorded. For the cows, each 
animal would have Pregnancy Status and Foetal Age recorded once a year, 
Lactation Status (twice per year), Body Condition Score (twice per year) and Weight 
recorded where scales were available. If the animal hadn’t previously been recorded 
certain “induction” information would be recorded including Sex, Year Brand (Age 
Brand) and Visual-ID (management tag number) if present. After each animal was 
processed, the next RFID number would be read, which triggered the software to 
save the previous record and begin recording the next animal. Once all animals in 
90 | P a g e  
M . P h i l .  –  W h i t n e y  D o l l e m o r e  –  4 1 0 1 4 8 8 6  
the mob were processed the AgInfoLink data collection software (Beef Link) was 
shut down and a report could be generated showing the results of the days 
processing on the screen. If a cow lost its NLIS tag a new one would be inserted or 
the animal could be identified by the management tag number, if present. Towards 
the end of the Cash Cow project, if a cow didn’t have a management tag and had 
lost its NLIS tag, a random number would be generated in order to record the current 
information. 
The lactation status of the animal was defined as either having been suckled (Wet) 
or not (Dry) during the reproductive cycle. If there was any doubt about a female’s 
lactation status, expressing milk from a quarter was attempted. A missing value was 
assigned if there was uncertainty if a cow had either lactated or not. The most 
common situation was where a female previously recorded as being pregnant, failed 
to be recorded as being mustered at the first muster and was recorded as dry at the 
subsequent muster. A status of Wet was recorded if the female was recorded as wet 
at either the wet/dry muster or the pregnancy testing muster. A status of Dry was 
recorded if the female was recorded as dry at both musters or was recorded as Dry 
at the time of being culled. Animals that had previously been recorded as Non-
pregnant were also recorded as Dry if their lactation status was not recorded at the 
wet/dry muster and were subsequently recorded as being dry at the pregnancy 
testing muster. 
Annual lactation status for each animal was based on aggregation of the lactation 
status records from each mustering occasion during the annual period. The annual 
period extends from the 1st September through to the 31st August. Animals that were 
recorded as wet at either one or both mustering occasions during the annual period 
were given an annual lactation status of wet. Percentage annual lactation was 
determined from the number of animals that had a lactation event recorded as “wet” 
during the year. 
For the purposes of the binary analysis the percent of females lactating on an annual 
basis was categorised based on sample distribution as being less than 50% of 
females lactating annually (<50%), 50 to less than 65% of females lactating annually 
(50-<65%), 65 to less than 80% of females lactating annually (65-<80%) and more 
than or equal to 80% of females lactating annually (>=80% or ≥ 80%). 
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The lactation status recorded at the first muster after the end of the wet season (first 
annual branding or weaning muster in control mated mobs or first annual muster in 
continuously mated mobs) was used to estimate the number of females lactating 
during the wet season. The percentage  that lactated during the wet season was 
determined from the number of cattle recorded in the mob for the property-year.  
For the purposes of the binary analysis the percentage of lactating females in the 
wet season was categorised as being less than 25% of females lactating during the 
wet season (<25%), 25 to less than 50% of females lactating during the wet season 
(25-<50%), 50 to less than 75% of females lactating during the wet season (50-
<75%) and more than or equal to 75% of females lactating during the wet season 
(>=70% or ≥ 70%). 
3.5.3.2 Mob age structure – percentage of heifers and percentage 
of aged cows in the mob 
The year of birth was estimated from the year brand recorded at the time each 
heifer/cow was inducted into the study. Although there was some variation in year 
brand policy by property, generally the approach was to use financial year i.e. a 
number 9 branded female is an animal born in 2008-09. A calculation of age of less 
than 4 years at induction has been used to assign heifer status taking into account 
the response of each producer to the heifer management survey question of age at 
first mating. After producing her first calf (recorded as “Wet”) she is then classified as 
part of the cow mob.  
The number of heifers was then divided by the total number of heifers and cows 
enrolled in the study for each year to define the percentage of heifers in each study 
mob. It was thought that, due to the higher requirements of P for heifers that are 
undergoing both growth and lactation, there may result in a greater partitioning of P 
to bones and milk thereby resulting in less faecal excretion of P and potentially 
affecting the FP:ME. 
For the purposes of the binary analysis the percentage of heifers in the mob was 
categorised as being less than 25% of heifers in the property-mob (<25%), 25 to less 
than 50% of heifers in the property-mob (25-<50%) and greater than or equal to 50% 
of heifers in the property-mob (>=50%, ≥ 50%). 
92 | P a g e  
M . P h i l .  –  W h i t n e y  D o l l e m o r e  –  4 1 0 1 4 8 8 6  
The threshold for an aged cow was a cow greater than 8 years of age at time of 
induction into the study. It was thought that the limitation of bone mobilisation which 
occurs with aged breeders could result in a greater reliance on dietary P for lactation 
which may in turn affect the FP:ME. The percentage of aged cows was then 
determined as the number of cows over 8 years of age over the number of enrolled 
females in the mob for each property-year. 
For the purposes of the binary analysis the percentage of aged cows in the mob was 
categorised as being  less than 5% of aged cows in the property-mob (<5%), 5 to 
less than 20% of aged cows in the property-mob (5-<20%) and greater than or equal 
to 20% of aged cows in the property-mob (>=20%, ≥ 20%). 
3.6 Statistical Analysis 
Based on the methods of each factor variable outlined above the dataset was 
structured such that one row of data represented a property-year. All results are 
therefore performed at a property level for each year with values for each 
aforementioned variable. Each variable was therefore associated with the mean wet 
season FP:ME for the property-year. The analysis was broken down into the 
following three studies.  
Study 1: Descriptive analysis of the data including a univariate screening model for 
statistical significance of any effect on the likelihood of FP:ME being below 
500mgP/MJME. Significant factors were then included in Study 2. 
Variables (risk factors) were screened one at a time and retained for consideration in 
the final multivariable model if the univariable screening p-value was <0.25. 
Correlation matrices of all candidate explanatory variables were used to identify 
explanatory variables that were highly correlated (r>0.9) and where this occurred 
only one of the correlated variables was considered in the multivariable model. 
Variables that were missing a large proportion of measurements (>40% missing 
data) were not considered for inclusion in the model but many variables were 
missing some data. This meant that the dataset that contributed to the final 
multivariable model was a subset of the starting dataset. 
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The model building process started with all candidate property-, property-year and 
animal level explanatory variables being added to the starting model and non-
significant variables dropped one at a time, starting with the non-significant variable 
with the highest p-value. This process was continued until only significant variables 
remained. All omitted variables were then re-screened in the candidate main effects 
model, and retained if significant, to generate the final main affects model. 
Study 2: Descriptive analysis of management strategies implemented by properties 
with a wet season FP:ME consistently (2 or more years) greater than or equal to 
500mgP/MJME. 
Study 3: Multivariate analysis to identify the major factors affecting the likelihood of 
FP:ME being greater than 500mgP/MJME. 
The multivariable modelling approach produced a final model that included only 
those explanatory variables (factors) that were both significantly associated with the 
outcome and where a biologically plausible explanation was considered to be 
consistent with the statistical association.  
All analyses were conducted in Stata, version 12 (www.stata.com).  
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4.0 Results: 
4.1 Study 1: Univariate modelling for statistical significance and a 
descriptive summary of environmental, management and 
animal factors on the mean FP:ME below 500mgP/MJME 
This section outlines the results of each factor from a univariate screening process 
(Appendix 3). The values of significance and levels of comparative risk of FP:ME 
less than 500mgP/MJME are taken from the univariate screening process followed 
by descriptive analyses of each factor. Factors have been grouped as 
environmental, management and animal factors. 
4.1.1 Spatial and seasonal distribution of faecal P to metabolisable 
energy ratio by property  
There were 75 properties located across Northern Australia studied in the Cash Cow 
project. These were allocated to 1 of 4 regions or country types Southern Forest 
(SF), Central Forest (CF), Northern Downs (ND) and Northern Forest (NF) as shown 
in Figure 16. Most (98%) properties contributed faecal samples for each property 
over the 3 year project period (2009-2011). As previously mentioned, this analysis 
has used samples collected and analysed from November to April, with the wet 
season FP:ME summarised annually for each property (property-year). 
Each of the country types displayed a pattern of change in both average monthly 
rainfall and average FP:ME over the project period as shown in Figure 20. The 
FP:ME followed a general annual pattern for all country types, increasing in the wet 
season and decreasing over the dry season. The threshold value from the Cash Cow 
project of 500mgP/MJME, represented on the graph, is the value below which it was 
considered that the risk of P deficiency adversely affecting herd performance was 
high. There was variation amongst all properties within each country type. In general, 
there was less risk in the SF and CF. Of the samples collected 42% and 36% of 
samples from the SF and CF regions respectively, during the wet seasons 2009-11, 
had a FP:ME less than 500.  
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Figure 20. The average 2 monthly FP:ME and rainfall for each country type for the project period (2009-
2011). The wet season threshold value (500mgP/MJME) below which it was considered that the risk of P 
deficiency adversely affecting herd performance was high is denoted as a dashed line. Note that values 
in the dry season are not related to performance and simply reflect movement of P from plant to soil 
associated with plant senescence. 
The Cash Cow threshold is not the only recommended threshold in the literature. 
Many studies have shown that a response to P supplementation can occur below 
this level. Jackson et al. (2012) has published the current recommended thresholds 
for FNIRS to meet the requirements of a 400kg lactating breeder (5kg milk/day). 
Using these findings a series of threshold values were established as follows; below 
300 is considered ‘acutely deficient’, 300 to less than 420 is considered ‘deficient’ 
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Figure 21. Number of FNIRS samples within each FP:ME category (adapted from Jackson et al. (2012) by 
country type. 
In Figure 21 it is shown that the FP:ME of the samples collected are across all levels 
indicating P deficiency regardless of country type. So, although the average for the 
SF and CF are above the threshold level there is considerable variation in the FP:ME 
within country type. The extreme FP:ME categories of less than 300 and greater 
than or equal to 500 highlight the limitations of country type. The number of samples 
adequate for animal reproductive performance (FP:ME≥500) decrease across 
country types; SF, CF, ND and NF. The opposite relationship can be seen with a 
very high risk (FP:ME<300) with a large number of samples in the NF followed by the 
ND, SF and CF having the lowest number of samples with FP:ME<300mgP/MJME.  
4.1.2 Univariate significance and descriptive summary of factors 
affecting FP:ME 
The statistical results outlined below describe the likelihood or risk associated with 
FP:ME less than 500mgP/MJME in relation to each risk factor and a descriptive 
analysis of each risk factor in relation to wet season FP:ME on a property-year level. 
The results from the univariate analysis are shown in Appendix 3. 
4.1.2.1 Environmental  Factors 
4.1.2.1.1 Country type 
Country type was significantly (p<0.001) associated with the risk of mean wet season 
FP:ME ratio being less than 500mgP/MJME. In the NF there was an 84.3 times 
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compared to the CF. In the SF and ND the likelihood of the average wet season 
FP:ME being below 500 mgP/MJME compared to the CF was 1.5 and 9.5 times 
higher, respectively. The difference between the SF and CF was not significant 
(p=0.66). The mean wet season (November – April) FP:ME by country type is shown 
in Table 20.  
Table 20. Mean and median wet season (November – April) FP:ME by country type. 
Country Type 
Wet season FP:ME (mgP/MJME)ᶧ 
Property-
years Mean Median 
95%Confidence Interval 
Lower Upper 
Southern Forest 53 592.3 559.5 534.4 650.2 
Central Forest 40 620.4 555.5 551.9 688.8 
Northern Downs 35 420.7 373.1 367.1 474.4 
Northern Forest 67 370.7 342.4 348.6 392.7 
ᶧFor each property-year the mean FP:ME for faecal samples collected between November and April was 
determined. 
The mean FP:ME for SF and CF were similar and significantly greater than means 
for ND and NF, which were similar to each other. The proportion of property-years by 
FP:ME category for each country type is presented in Figure 22.  
 
Figure 22 The proportion of property-years within each wet season (November-April) FP:ME category 
(adapted from Jackson et al, 2012) by country type.  
The ND has the highest proportion of property-years below 300mgP/MJME (31.5%), 
however, overall the NF was the country type with the largest proportion of samples 
less than 500mgP/MJME. The CF had no property-years from the project period with 
FP:ME below 300mgP/MJME. The CF had 68% of average wet season FP:ME 
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ND and 10% for the NF. The opposite order can be seen in the proportion of 
property-years where the FP:ME was less than 420 (NF 75%, ND 57%, SF 20%, CF 
10%).  
4.1.2.1.2 Pasture quantity and quality 
4.1.2.1.2.1 Minimum estimated wet season pasture 
biomass 
 
The minimum wet season biomass was significantly associated with FP:ME being 
less than 500mgP/MJME (p=0.02). When minimum wet season pasture biomass 
was between 1000 and 2000kgDM/ha the likelihood of the wet season FP:ME being 
less than 500 was 6.5 times that of a wet season pasture biomass greater than 
3000kgDM/ha (p=0.02). When the minimum wet season pasture biomass was below 
1000kgDM/ha the likelihood increased to 35.4 times that of wet season pasture 
biomass of 3000kgDM/ha or more  (p<0.01).  
 It can be seen in Figure 23 that the proportion of property-years with a wet season 
FP:ME greater than 500mgP/MJME increases as the minimum wet pasture biomass 
increases and the proportion of property years with a wet season FP:ME less than 
300mgP/MJME decreases with increasing minimum wet season pasture biomass. 
 
Figure 23. The proportion of property-years within each wet season (November-April) FP:ME category 
(adapted from Jackson et al, 2012) by the category of estimated minimum wet season (November to 
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The mean wet season FP:ME ratio for each category of minimum wet season 
pasture biomass is shown in Table 21. 
Table 21. Mean and median property-years wet season (November-April) FP:ME by the category of 




Wet season FP:ME (mgP/MJME)ᶧ 
Property-
years Mean Median 
95%Confidence Interval 
Lower Upper 
<1000 28 386.4 346.3 335.1 437.7 
1000-<2000 78 454.6 440.5 421.7 487.5 
2000-<3000 43 511.3 472.6 450.6 571.9 
3000+ 34 623.0 591.5 534.5 711.6 
ᶧFor each property-year the mean FP:ME for faecal samples collected between November and April was 
determined. 
Although mean wet season FP:ME increased with increasing minimum wet season 
biomass in the SF and CF regions (Figure 24), in the ND there was little difference 
between 2000-<3000kgDM/ha and greater than 3000kgDM/ha, and in the NF the 
mean FP:ME was very similar for each category of wet season biomass. 
 
Figure 24. Mean wet season (November - April) FP:ME (mgP/MJME) for each category of estimated 
minimum wet season pasture biomass by country type. 
4.1.2.1.2.2 End of growing season minimum pasture 
yield 
Residual feed from the dry season (May – October) in northern Australia is mature 
and so, has little nutrition however, it does provide a source of energy (ME). The 
question is does inadequate dry season pasture availability increase the likelihood of 
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feed. When data was summarised across all country types the risk of property years 
with an FP:ME less than 500mgP/MJME was 5.2 times more likely if dry season 
pasture availability was adequate compared to when it was inadequate (p=0.01; 
Figure 25). This seems counterintuitive since anecdotally inadequate dry season 
pasture availability is frequently associated with overgrazing which in turn is more 
often associated with lower wet season FP:ME. 
 
Figure 25. The proportion of property-years within each wet season (November-April) FP:ME category 
(adapted from Jackson et al, 2012) by the category of estimated dry season (May-October) pasture 
availability. If the sample submitted in May had an estimated pasture yield less than 3000kgDM/ha the 
pasture was categorised as adequate to respond well to rainfall when the wet season broke later that 
year. Below this amount the dry season pasture quality was considered inadequate. 
When the data was summarised by country type (Table 22) the tendency was for 
mean wet season FP:ME to be lower where dry season pasture availability was 
considered inadequate, except in the NF, however differences between categories of 
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Table 22. Mean and median property-years wet season (November-April) FP:ME by category of dry 







 Wet season FP:ME (mgP/MJME)ᶧ 
Property-






Inadequate 18 591.3 609.7 515.8 666.8 
Adequate 19 602.8 559.5 494.2 711.4 
Central Forest Inadequate 9 584.9 555.2 478.9 691.0 Adequate 21 609.2 553.5 505.3 713.1 
Northern 
Downs 
Inadequate 5 364.1 346.7 226.3 501.9 
Adequate 19 465.4 429.1 390.6 540.1 
Northern Forest Inadequate 9 457.0 429.2 356.9 557.0 Adequate 29 362.5 342.4 333.5 391.5 
ᶧFor each property-year the mean FP:ME for faecal samples collected between November and April was 
determined. 
4.1.2.1.3 Wet Season CP:DMD 
Annually the crude protein to dry matter digestibility ratio (CP:DMD) fluctuates in a 
similar way to the FP:ME. In Figure 26, it can be seen that the CP:DMD increases in 
the wet season and declines during the dry season in all country types with some 
annual variation between years. This seasonal pattern is most dominant in the NF 
and ND regions. The threshold value for the CP:DMD (0.125) is denoted by the black 
dashed line. During each of the wet seasons all of the country types reach a level of 
adequacy for CP:DMD.  
 
Figure 26. The mean 2 monthly CP:DMD and rainfall for each country type for the project period (2009-
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When the wet season (November – April) CP:DMD ratio was less than 0.125 the risk 
of FP:ME being less than 500mgP/MJME was 7.8 times higher than when it was 
greater than 0.167 (p=0.02). Figure 27 shows the proportion of property-years for 
each CP:DMD category with a FP:ME within each of the FP:ME category. Overall, 
the proportion of property years with a FP:ME less than 300mgP/MJME was highest 
when the CP:DMD was below 0.125.   
 
Figure 27. The proportion of property-years within each wet season (November-April) FP:ME category 
(adapted from Jackson et al, 2012) by the category of wet season CP:DMD (McGowan et al., 2014). 
In Table 23, all country types except for the CF region have a lower mean wet 
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Table 23. The mean and median wet season (November - April) FP:ME by wet season CP:DMD category 






Wet season FP:ME (mgP/MJME)ᶧ 
Property-





<0.125 1 535.9 535.9 NA NA 
0.125-<0.143 12 687.8 668.4 539.6 836.1 
0.143-<0.167 24 523.6 495.7 457.3 590.0 
>=0.167 16 627.2 593.3 499.4 754.9 
Central Forest 
<0.125 6 697.6 775.6 462.4 932.8 
0.125-<0.143 16 618.8 555.5 493.6 744.0 
0.143-<0.167 12 634.1 593.4 491.8 776.4 
>=0.167 6 519.9 515.3 471.3 568.4 
Northern Downs 
<0.125 9 319.3 261.6 234.4 404.2 
0.125-<0.143 8 449.0 418.2 294.3 603.7 
0.143-<0.167 14 466.9 428.1 377.8 556.0 
>=0.167 4 431.0 455.2 285.1 576.8 
Northern Forest 
<0.125 19 362.7 341.2 319.3 406.2 
0.125-<0.143 16 367.5 350.3 322.8 412.2 
0.143-<0.167 27 377.5 340.5 336.6 418.4 
>=0.167 4 385.4 378.6 360.2 410.7 
ᶧFor each property-year the mean FP:ME for faecal samples collected between November and April was 
determined. 
 
4.1.2.1.4 Rainfall, wet season onset and duration 
4.1.2.1.4.1 Rainfall 
 
There was no significant effect of long term (thirty year mean) annual rainfall 
(p=0.06) on risk of FP:ME being less than 500mgP/MJME. Mean wet season FP:ME 
was lowest where annual rainfall was <500mm and where it was ≥800mm (Table 
24). 
Table 24. The mean and median wet season (November – April) FP:ME by thirty year average annual 
rainfall category. 
Mean long term  
(30 year) annual 
rainfall (mm) 
Wet season FP:ME (mgP/MJME)ᶧ 
Property-
years Mean Median 
95%Confidence Interval 
Lower Upper 
<500 37 446.5 439.3 396.4 496.6 
500<650 76 559.9 526.5 507.3 612.5 
650<800 49 468.1 395.1 410.7 525.5 
≥800 31 420.2 399.8 375.3 465.1 
ᶧFor each property-year the mean FP:ME for faecal samples collected between November and April was 
determined. 
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Figure 28. The proportion of property-years within each wet season (November-April) FP:ME category 
(adapted from Jackson et al, 2012) by mean long term rainfall category 
Although as mean annual rainfall increased, the proportion of property years with wet 
season FP:ME of ≥500mgP/MJME appeared to decrease (Figure 28).  This 
relationship is likely to be confounded by country type with 67% of property-years 
with annual rainfall above 800mm located in the ND and NF which had the lowest 
mean wet season FP:ME. 
4.1.2.1.4.2 Wet Season Onset 
 
Wet season onset was categorised into early and normal to late dependant on the 
date after 1st September each year when an accumulated total of 50mm of rainfall 
first fell. An early wet season compared with a normal to late wet season onset had a 
significant effect on the average wet season FP:ME being less than 500mgP/MJME 
(p<0.01). The proportion of properties with a mean wet season FP:ME greater than 
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Figure 29.  The proportion of property-years within each wet season (November-April) FP:ME category 
(adapted from Jackson et al, 2012) by wet season onset category. 
There were a greater proportion of property years in the SF and CF (88%, 75% 
respectively) that experienced an early wet season onset compared to the ND and 
NF (38%, 32% respectively). The mean wet season FP:ME was higher with an early 
wet season onset. In Table 25 it can be seen that this relationship occurs across all 
country types. 
Table 25. The mean and median wet season (November - April) FP:ME by  wet season onset category by 
country type.  
Country Type Wet season 
onset 
Wet season FP:ME (mgP/MJME)ᶧ 
Property-




Southern Forest Early 44 594.5 588.2 536.8 652.1 Normal - Late 6 428.2 422.8 325.3 531.2 
Central Forest Early 30 627.1 541.3 540.8 713.4 Normal - Late 10 600.2 571.7 487.5 712.9 
Northern 
Downs 
Early 12 511.0 531.5 400.7 621.3 
Normal - Late 20 356.1 326.0 303.7 408.5 
Northern Forest Early 21 393.5 377.3 355.6 431.5 Normal - Late 44 364.2 339.3 336.2 392.1 
ᶧFor each property-year the mean FP:ME for faecal samples collected between November and April was 
determined. 
4.1.2.1.4.3 Wet Season Duration 
 
The duration of the wet season was a significant factor affecting the adequacy of the 
wet season FP:ME for animal reproductive performance (p=0.001). The risk of 
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to a short to normal wet season. Figure 30 shows that the proportion of property-
years with FP:ME adequate for animal reproductive performance is greater with a 
long wet season duration. 
 
Figure 30. The proportion of property-years within each wet season (November-April) FP:ME category 
(adapted from Jackson et al, 2012) by duration of wet season onset category 
The SF had the highest proportion of property-years with a long wet season duration 
followed by CF, ND and the lowest proportion of long wet seasons was observed in 
the NF region. The mean wet season FP:ME was higher across all country types 
when the wet season had a long duration (Table 26). 
Table 26. The mean and median wet season (November - April) FP:ME by wet season duration category 
by country type.  
Country Type Wet season duration 
Wet season FP:ME (mgP/MJME)ᶧ 
Property-




Southern Forest Short-Normal 11 498.7 497.7 405.6 591.9 Long 39 595.9 595.3 532.2 659.6 
Central Forest Short-Normal 15 573.1 555.2 487.1 659.1 Long 25 648.7 584.9 549.5 748.0 
Northern 
Downs 
Short-Normal 22 378.4 348.9 320.5 436.4 
Long 10 492.8 531.5 362.6 622.9 
Northern Forest Short-Normal 52 368.6 352.3 342.8 394.4 Long 13 393.8 377.3 347.9 439.7 
































<300 =>300-<420 =>420-<500 >500
107 | P a g e  
M . P h i l .  –  W h i t n e y  D o l l e m o r e  –  4 1 0 1 4 8 8 6  
4.1.2.1.5 Soil P classifications 
 
All classes of soil P as reported by McCosker and Winks (1994) were represented 
within each country type. Soil P category was a significant factor affecting the risk of 
wet season FP:ME being less than 500mgP/MJME (p=0.001). The risk of FP:ME 
being less than 500mgP/MJME was 36.7 times higher if the soil P category was 
“acute and deficient” compared to “adequate” (p<0.01). However, there was no 
significant difference in the in the risk of P deficiency adversely affecting reproductive 
performance where soils were classified as either “adequate” or “marginal or mixed” 
(p=0.45).  
 
Figure 31.  The proportion of property-years within each wet season (November-April) FP:ME category 
(adapted from Jackson et al, 2012) by soil P classification McCosker and Winks (1994).  
The proportion of property-years with a wet season FP:ME greater than 
500mgP/MJME increased as soil P category improved and the proportion of 
property-years with a wet season FP:ME less than 300mgP/MJME decreased as soil 
P category improved (Figure 31). It should be noted that within each soil P category 
there are all categories of FP:ME which is to be expected as the soil mapping of 
Mccosker and Winks (1994) was done on a regional level rather than a property or 
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Table 27. Mean and median wet season (November - April) FP:ME by soil P classifications (McCosker and 
Winks (1994) by country type. 
Country Type 
McCosker and 
Winks Soil P 
Classifications 
Wet season FP:ME (mgP/MJME)ᶧ 
Property






Acute and Deficient 12 547.1 488.5 390.3 703.8 
Marginal or Mixed 29 596.6 601.8 543.6 649.6 
Adequate 7 499.0 404.7 260.0 738.0 
Central Forest 
Acute and Deficient 4 697.5 666.4 423.5 971.4 
Marginal or Mixed 5 485.7 472.6 410.3 561.0 
Adequate 31 632.1 585.3 549.3 715.0 
Northern 
Downs 
Acute and Deficient 11 321.5 305.3 285.0 358.1 
Marginal or Mixed 9 339.0 256.7 229.3 448.8 
Adequate 15 542.5 535.1 470.6 614.5 
Northern 
Forest 
Acute and Deficient 51 358.8 337.3 334.4 383.1 
Marginal or Mixed 2 308.0 308.0 248.1 367.8 
Adequate 11 454.2 437.2 407.7 500.8 
ᶧFor each property-year the mean FP:ME for faecal samples collected between November and April was 
determined. 
The mean wet season FP:ME was significantly lower where the soil P was classified 
as “acute and deficient” compared to the other soil type classifications (Table 27). 
This is observed in the NF and ND, in the CF and SF “acute” has a higher mean wet 
season FP:ME than “adequate”. There are some very large values in these country 
types and a large amount of variability in the “marginal” soil classification which may 
explain the increase in the average wet season FP:ME for the SF and CF regions 
which does not appear to be significant. NF had the greatest property-years with 
“acute” soil P level followed by SF, ND and CF respectively. The country type with 
the most adequate soil P classifications was CF, followed by ND, NF and SF 
respectively (Table 27). 
4.1.2.2 Management Factors 
4.1.2.2.1 Supplementation 
4.1.2.2.1.1 Provision of wet season P supplement 
 
The provision of a P supplement during the wet season significantly affected the risk 
of wet season FP:ME being less than 500mgP/MJME (p=0.004). Those properties 
which fed a P supplement during the wet season were 4.6 times more likely to have 
an FP:ME less than 500mgP/MJME. It is likely that many property owners/mangers 
in the study were aware they were at risk of P deficiency adversely affecting cattle 
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performance and as a consequence they routinely fed a P supplement during the 
wet season.  
The mean wet season FP:ME was higher for those properties that did not feed a P 
supplement during the wet season (Table 28). This was consistent across all country 
types. 
Table 28. The mean and median wet season FP:ME by whether a P supplement was fed during the wet 
season. 
P supplement fed  
during wet season 
                          Wet season FP:ME (mgP/MJME)ᶧ 
Property-
years Mean Median 
95%Confidence Interval 
Lower Upper 
Yes 81 415.9 381.6 390.4 441.3 
No 113 546.5 512.4 503.7 589.3 
ᶧFor each property-year the mean FP:ME for faecal samples collected between November and April was 
determined. 
In the SF 38%, CF 28%, ND 56% and NF 78%, of property-years no P supplement 
was fed and the mean wet season FP:ME was  less than 500 mg/MJME (Table 29).  
Table 29. The proportion of property-years in which the risk of P deficiency adversely affecting 
reproductive performance was high (mean wet season FP:ME <500mgP/MJME) by whether a P 
supplement was fed during the wet season, by country type. 
Country Type and if P supplement was 
 fed during the wet season 
Proportion of property-years 
FP:ME<500mg/MJME FP:ME>=500mg/MJME 
Southern Forest 40% (21) 60% (32) 
No 38% (15) 63% (25) 
Yes 46% (6) 54% (7) 
Central Forest 33% (13) 68% (27) 
No 28% (7) 72% (18) 
Yes 40% (6) 60% (9) 
Northern Downs 69% (24) 31% (11) 
No 56% (14) 44% (11) 
Yes 100% (10) 0% (0) 
Northern Forest 89% (59) 11% (7) 
No 78% (18) 22% (5) 
Yes 95% (41) 5% (2) 
 
The pattern of the proportion of property-years within each wet season (November-
April) FP:ME category (adapted from Jackson et al, 2012) varied considerably 
between country types by whether a P supplement was fed during the wet season 
(Figure 32). It is important to note that there were about 25% of property-years in the 
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ND and NF in which the mean wet season FP:ME was less than 300mg/MJME and 
no wet season supplement was fed. 
 
Figure 32. The proportion of property-years within each wet season (November-April) FP:ME category 
(adapted from Jackson et al, 2012) by whether a P supplement was fed during the wet season, by country 
type.  
4.1.2.2.1.2 Duration of wet season P supplementation 
 
Across all country types only 42% of properties supplied information regarding the 
duration of wet season P supplementation. Overall, only 22% of property-years 
reported that they fed a P supplement for longer than one month during the wet 











No Yes No Yes No Yes No Yes




















Provision of P supplement by Country type
<300 =>300-<420 =>420-<500 >500
111 | P a g e  
M . P h i l .  –  W h i t n e y  D o l l e m o r e  –  4 1 0 1 4 8 8 6  
 
Figure 33. The proportion of property-years within each wet season (November-April) FP:ME category 
(adapted from Jackson et al, 2012) by duration of P supplementation during the wet season 
The duration of wet season P supplementation ranged from nil to 4 months (Figure 
33). All property-years in which a P supplement was fed during the wet season for 3 
or 4 months were in the NF.  
When the duration of wet season P supplementation was categorised into ≤ 1month 
or >1 month it was shown that this factor did significantly affect mean wet season 
FP:ME (p<0.01) (Table 30). Supplementing with P for less than or equal to one 
month during the wet season in the SF, CF and ND was associated with a higher 
mean FP:ME and the likelihood of FP:ME being less than 500mgP/MJME was 10.3 
times more likely where P supplement was fed for greater than 1 month. In the NF 
supplementing for more than one month resulted in a higher average wet season 
FP:ME. The highest proportions of property-years with FP:ME below 300mgP/MJME 
(41% and 37%) were those supplementing for one month or less in the NF and ND 
(Figure 34). 
Table 30. The mean and median wet season (November – April) FP:ME by category of duration of wet 
season supplementation. 
Duration of  wet 
season P 
supplementation  
Wet season FP:ME (mgP/MJME)ᶧ 
n Mean Median 95%Confidence Interval Lower Upper 
≤1 month 152 517.2 475.9 482.9 551.5 
>1 month 42 400.5 376.3 369.4 431.7 

































Duration of wet season P supplementation (months)
<300 =>300-<420 =>420-<500 >500
112 | P a g e  
M . P h i l .  –  W h i t n e y  D o l l e m o r e  –  4 1 0 1 4 8 8 6  
 
Figure 34. The proportion of property-years within each wet season (November-April) FP:ME category 
(adapted from Jackson et al, 2012) by category of duration of P supplementation during the wet season. 
 
4.1.2.2.1.3 P supplementation delivery method  
 
The method of delivery of P supplements during the wet season was not well 
recorded; 51% of data was missing and so this factor was excluded from the 
multivariate analysis. It was also not a significant factor in the univariate analysis 
(p=0.32). Of those properties which recorded the method of delivery of wet season P 
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Wet season FP:ME (mgP/MJME)ᶧ 
Propert






Block 1 641.6 641.6 NA NA 
Liquid 1 535.9 535.9 NA NA 
Loose 9 496.9 479.2 396.4 597.3 
Molasses based 4 580.2 583.1 559.3 601.1 
Water Medication 2 564.0 564.0 -114.7 1242.7 
Other NA NA NA NA NA 
Central Forest 
Block NA NA NA NA NA 
Liquid 3 442.6 417.4 254.7 630.6 
Loose 11 523.6 553.5 481.8 565.5 
Molasses based 2 732.6 732.6 96.8 1368.5 
Water Medication NA NA NA NA NA 
Other NA NA NA NA NA 
Northern 
Downs 
Block 3 293.0 295.8 210.0 376.1 
Liquid NA NA NA NA NA 
Loose 10 395.4 351.6 287.1 503.7 
Molasses based NA NA NA NA NA 
Water Medication NA NA NA NA NA 
Other NA NA NA NA NA 
Northern 
Forest 
Block 6 390.6 400.9 299.9 481.4 
Liquid 1 437.2 437.2 NA NA 
Loose 33 371.8 340.5 337.4 406.2 
Molasses based 6 379.1 388.1 321.7 436.4 
Water Medication NA NA NA NA NA 
Other 3 370.0 377.7 315.5 424.6 
ᶧFor each property-year the mean FP:ME for faecal samples collected between November and April was 
determined. 
4.1.2.2.1.4 Amount of wet season P provided per heifer 
or cow 
 
The amount of wet season P supplied per animal per day ranged from nil to above 
10g/day, the currently recommended amount of supplementary P for a lactating cow 
grazing P deficient pasture (Jackson et al., 2012). Again unfortunately 60% of data 
on the amount of wet season P provided was missing. As a result the average 
amount of P supplement was also removed from the multivariate analysis and found 
to be insignificant in the univariate analysis (p=0.21).  
The mean wet season FP:ME by category of amount of P supplement fed is 
summarised in Table 32. Although it appears that as amount of P supplement fed 
increases mean FP:ME decreases this is almost certainly confounded by country 
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type and producers feeding P supplements because they were aware of the risk of P 
deficiency adversely affecting cattle performance. 




Wet season FP:ME (mgP/MJME)ᶧ 
Property-
years Mean Median 
95%Confidence Interval 
Lower Upper 
<2.5 134 522.5 465.7 484.7 560.3 
2.5 – <5.0 24 446.4 459.5 395.6 497.2 
5.0 – <7.5 12 460.0 466.8 378.2 541.8 
7.5 – <10.0 11 365.3 340.5 291.3 439.2 
>10.0 14 392.9 372.5 329.1 456.6 
ᶧFor each property-year the mean FP:ME for faecal samples collected between November and April was 
determined. 
4.1.2.2.2 Grazing Management 
4.1.2.2.2.1 Wet season stocking rate and number of 
heifers/cows for the paddock watered area 
 
The overall reported stocking rate was not significantly associated with mean wet 
season FP:ME<500mgP/MJME (p=0.05).  Table 33 shows in the ND and NF 
increasing stocking rate led to a higher FP:ME. This seems counterintuitive as it is 
more likely that an increase in stocking rate would decrease the wet season FP:ME 
as observed in the CF. 
Table 33. Mean and median wet season (November – April) FP:ME by stocking rate (heifer/cow per 





Wet season FP:ME (mgP/MJME)ᶧ 
Property-






<0.25 7 515.1 523.6 400.5 629.7 
0.25 – ≤0.50 16 549.3 524.1 439.0 659.6 
>0.50 21 593.3 617.7 509.5 677.1 
Central Forest 
<0.25 10 782.7 730.3 604.2 961.1 
0.25 – ≤0.50 13 501.4 519.4 446.6 556.1 
>0.50 12 574.4 482.1 446.0 702.8 
Northern 
Downs 
<0.25 14 374.0 321.0 288.6 459.4 
0.25 – ≤0.50 9 494.7 535.1 364.2 625.2 
>0.50 7 510.8 487.5 413.2 608.4 
Northern 
Forest 
<0.25 33 379.4 364.0 345.9 412.9 
0.25 – ≤0.50 11 393.5 336.8 326.8 460.3 
>0.50 3 402.5 429.5 138.7 666.3 
ᶧFor each property-year the mean FP:ME for faecal samples collected between November and April was 
determined. 
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Interestingly, the number of heifers/cows per watered area, watered area being area 
within 2.5km2 of a watering point, is a significant factor (p=0.02) in the incidence of 
wet season FP:ME being less than 500mgP/MJME at very low (<1.5) and at very 
high (≥ 6) heifer or cows/watered area. The lowest proportions of property-years with 
a wet season FP:ME greater than 500 occurred where the number of heifers/cows 
per watered area was greater than or equal to 4.5 (Figure 35). This pattern occurred 
across all country types. 
 
Figure 35. Proportion of property-years and beast per 2.5km2 watered area (beast/hectare) with wet 
season (November - April) FP:ME categorised by adapted Jackson et al. (2012) thresholds. 
The mean wet season FP:ME (Table 34) is lowest for heifer/cows per watered area 
greater than and equal to 4.5 in the SF. The ND follows the same pattern except 
when heifer/cows per watered area is greater than or equal to 6/ha. However, in the 
CF the mean wet season FP:ME increases with increasing heifer/cows per watered 
area. The NF follows the same pattern as CF except when heifer/cows per watered 
area is greater than or equal to 6/ha.  As there is a large amount of variation there is 
not a significant difference within each country type for the beast per watered area 
except that the risk of FP:ME being below 500 (high risk of P deficiency) is increased 
by 18.3 times if beast per watered area exceeds 6 compared to a moderate 
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Table 34. Mean and median wet season (November – April) FP:ME by number of heifers/cows within 




per hectare of 
watered area 
(2.5km2) 
Wet season FP:ME (mgP/MJME)ᶧ 





<1.5 15 545.3 581.2 456.8 633.8 
1.5-<3 15 603.3 584.9 506.8 699.8 
3-<4.5 10 589.3 558.3 415.3 763.4 
4.5-<6 2 399.9 399.9 58.7 741.1 
>=6 2 465.6 465.6 216.1 715.1 
Central Forest 
<1.5 8 470.2 449.2 426.9 513.6 
1.5-<3 13 581.5 555.2 458.7 704.3 
3-<4.5 8 547.9 554.4 491.5 604.3 
4.5-<6 3 882.2 880.4 335.2 1429.2 
>=6 3 961.9 937.7 602.0 1321.7 
Northern Downs 
<1.5 8 476.9 484.4 363.3 590.5 
1.5-<3 10 442.7 437.4 310.7 574.7 
3-<4.5 2 427.2 427.2 -138.2 992.6 
4.5-<6 6 424.6 395.0 277.0 572.2 
>=6 4 405.0 337.9 139.2 670.8 
Northern Forest 
<1.5 3 305.6 328.4 212.1 399.2 
1.5-<3 17 371.3 337.3 321.1 421.5 
3-<4.5 4 377.7 331.9 245.1 510.3 
4.5-<6 5 416.0 412.3 331.8 500.1 
>=6 18 402.1 388.3 349.6 454.5 
ᶧFor each property-year the mean FP:ME for faecal samples collected between November and April was 
determined. 
4.1.2.2.2.2 Proportion of paddock burnt  
 
Eighty-seven percent of the data on the proportion of paddock burnt was missing. As 
a result this factor was also removed from the multivariate analysis and was found to 
have an insignificant effect on FP:ME adequacy (p=0.3). Data on 25 property-years 
was available and is summarised in Table 35. The incidence of fire was spread 
evenly across all country types. 




Wet season FP:ME (mgP/MJME)ᶧ 
n Mean Median 95%Confidence Interval Lower Upper 
<25% 9 351.0 336.7 283.3 418.7 
>25%  16 486.0 459.5 410.1 561.9 
ᶧ For each property-year the mean FP:ME for faecal samples collected between November and April was 
determined 
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Figure 36 shows that as the proportion of the paddock burnt increased so too did the 
wet season FP:ME up to a threshold point whereby a synthetic diet was provided as 
there was insufficient feed for the animals. The higher FP:ME where >25% of the 
paddock was burnt may be due to there being a lower amount of standing dry matter 
and in turn a lower amount of metabolisable energy and/or could be due to the fire 
potentially increasing the P in the pasture particularly in young regrowth.  
 
 
Figure 36. Average wet season (November - April) FP:ME (gP/MJME) by the proportion of paddock 
burnt(%). 
 
4.1.2.2.3 Animal Factors 
4.1.2.2.3.1 Mob lactational performance 
 
The percentage of the mob lactating over the wet season did not significantly affect 

































0 0.5 (0.23) 1.0 (0.71) 1.5 (0.99)
Proportion of paddock burnt
(arcsin(√prop.) backtransformed)
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Table 36. Mean and median wet season (November – April) FP:ME by proportion of the mob lactating 
during the wet season. 
Proportion of cows 
lactating during the 
wet season 
Wet season FP:ME (mgP/MJME)ᶧ 
n Mean Median 95%Confidence Interval Lower Upper 
<55% 59 484.0 437.2 432.6 535.5 
>=55% 66 494.9 458.7 449.2 540.6 
 ᶧ For each property-year the mean FP:ME for faecal samples collected between November and April was 
determined 
However, the proportion of the mob lactating on an annual basis did significantly 
affect the risk of FP:ME being less than 500mgP/MJME (p=0.005). The risk of wet 
season FP:ME being less than 500mgP/MJME was 13.7 times greater where 65 to 
80% of cows were lactating on an annual basis (p<0.01), and 14.9 times more likely 
if less than 50% of cows were lactating on an annual basis (p<0.01) compared to 
where 80% or more of the mob lactated annually.  
The wet season FP:ME was higher in the CF and ND when less than 65% of the 
mob lactated annually. However, in the SF and NF the wet season FP:ME was 
higher when more than 65% of the mob lactated annually (Table 37).  
Table 37. The mean and median wet season (November - April) FP:ME by proportion of the mob lactating 





on an annual 
basis 
Wet season FP:ME (mgP/MJME)ᶧ 




Southern Forest <65% 17 555.6 497.7 44.3 462.2 
>=65% 33 624.4 601.8 39.3 544.5 
Central Forest <65% 9 639.4 588.1 77.6 464.0 
>=65% 26 597.1 554.3 38.2 518.5 
Northern Downs <65% 14 469.0 504.5 39.8 383.7 
>=65% 20 395.2 351.6 35.1 321.9 
Northern Forest <65% 47 371.0 341.2 14.0 342.9 
>=65% 15 381.2 381.6 21.4 335.5 
ᶧ For each property-year the mean FP:ME for faecal samples collected between November and April was 
determined 
4.1.2.2.3.2 Mob Age structure 
 
Neither the proportion of first lactation cows or the proportion of aged cows (>8 years 
old) in the mob affected the likelihood of FP:ME being less than 500mgP/MJME 
(p=0.26 and 0.41, respectively) (Table 38 Table 39). These are the classes of cattle 
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less likely to be able to maintain P homeostasis by mobilising P reserves from their 
skeleton. 
Table 38. The mean and median wet season (November - April) FP:ME by the proportion of 1st lactation 
cows in the property mob. 
Proportion of 1st 
lactation cows in the 
property mob 
Wet season FP:ME (mgP/MJME)ᶧ 
n Mean Median 95%Confidence Interval Lower Upper 
<25% 58 486.9 439.6 434.1 539.8 
25-<50% 40 493.3 429.3 425.5 561.1 
>50% 29 485.7 520.8 436.6 534.8 
ᶧ For each property-year the mean FP:ME for faecal samples collected between November and April was 
determined 
Table 39. The mean and median wet season (November - April) FP:ME by the proportion of aged (>10yo) 
cows in the property mob. 
Proportion of aged 
cows in the property 
mob 
Wet season FP:ME (mgP/MJME)ᶧ 
n Mean Median 95%Confidence Interval Lower Upper 
<1.5% 38 456.4 448.0 417.4 495.4 
1.5-<5.5% 25 491.2 441.8 398.8 583.6 
5.5-<9.5% 24 482.9 422.5 413.1 552.8 
>9.5% 48 547.8 457.3 479.9 615.6 
ᶧ For each property-year the mean FP:ME for faecal samples collected between November and April was 
determined 
4.2 Study 2: Descriptive analysis of management strategies 
implemented by properties with wet season FP:ME 
consistently greater than 500mgP/MJME 
There were properties across all country types where the wet season FP:ME was 
consistently (i.e. consecutively in 2 or 3 years) greater than 500mgP/MJME (Table 
40). More properties located in the SF and CF regions (10 and 8 respectively) were 
at low risk of P deficiency adversely affecting reproductive performance for 2 or more 
years of the project. However only three properties in the ND and one property in the 
NF had a wet season FP:ME greater than or equal to 500mgP/MJME for 2 or more 
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Table 40. Proportion of properties by country type where the wet season FP:MEᶧ was consistently ≥500 
mgP/MJME. 
Country Type Proportion of properties with 
FP:ME consistently 
≥500mgP/MJME 
Southern Forest 56% (10/18) 
Central Forest 62% (8/13) 
Northern Downs 27% (3/11) 
Northern Forest 4% (1/22) 
ᶧ For each property-year the mean FP:ME for faecal samples collected between November and April was 
determined 
This result is consistent with the findings from the soil P map (Figure 18). However, it 
does show that in areas typically considered to be P deficient (NF and ND) there 
were some properties where the wet season FP:ME indicated there was only a low 
risk of P deficiency adversely affecting reproductive performance. Further, in areas 
traditionally considered to have a low risk of P deficiency adversely affecting 
performance (SF and CF) about 40% of properties were at risk of P deficiency 
adversely affecting performance. The question is what was different about these 
properties compared to the other properties in the same country type. Hence, 
selected property factors have been identified as being implemented by properties 
with wet season FP:ME consistently (2 or more years) greater than are equal to 
500mgP/MJME compared to those with FP:ME consistently less than 
500mgP/MJME. 
Table 41 is a descriptive summary of the prevalence of selected property factors by 
category of wet season FP:ME  for the study period (2009 - 2011). A much higher 
proportion of properties with a low risk of P deficiency adversely affecting 
performance did not feed a wet season P supplement. This observation may be 
confounded by country type. However, the one property located in the NF and two 
out of three properties in the ND that consistently had a wet season FP:ME 
≥500mgP/MJME did not feed a wet season P supplement. An important observation 
was that a very high proportion (90%) of properties that consistently had a wet 
season FP:ME ≥500mgP/MJME were located on soil types that were categorised by 
McCosker and Winks (1994) as being  “marginal” or “adequate” for soil P including 
the 4 properties located in the NF and ND regions. However, it also should be noted 
that 41.8% of properties categorised as having a high risk of P deficiency adversely 
affecting performance were located on soil types categorised as being marginal to 
adequate Only two properties that consistently had a wet season FP:ME 
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≥500mgP/MJME were located on soil types considered acutely deficient in P. One of 
these properties was located in the SF and the other in the CF. A much higher 
proportion of properties with a low risk of P deficiency adversely affecting 
performance used controlled mating or segregated the herd on the basis of lactation 
and/or foetal age. Of those two properties that managed to achieve adequate FP:ME 
(≥500) with a continuous mating system one was located in the NF, the other in the 
SF.  Smaller differences were noted for consistency of property management and 
annual rainfall. It should be noted that only 3 properties that had a low risk of P 
deficiency adversely affecting performance had a rainfall greater than 700mm and all 
were located in the SF region. 
Table 41. Descriptive summary of the prevalence of property factors by category of wet season FP:ME  
for the study period (2009 - 2011).  
Risk factor by category of wet season 
FP:ME 
Proportion of properties with attribute 
(%) 
n Mean 95% CI 
No wet season P supplementation 
FP:ME consistently ≥ 500mgP/MJME 22 72.7 (49.8, 89.3) 
FP:ME consistently < 500mgP/MJME 43 46.5 (31.2, 62.3) 
Soil P marginal or adequateᶧ 
FP:ME consistently ≥ 500mgP/MJME 20 90.0 (68.3, 98.8) 
FP:ME consistently < 500mgP/MJME 43 41.8 (27.0, 57.9) 
Controlled mating or segregation management* 
FP:ME consistently ≥ 500mgP/MJME 22 95.5 (77.2, 99.9) 
FP:ME consistently < 500mgP/MJME 43 62.8 (46.7, 77.0) 
Current manager employed ≥ 3 years 
FP:ME consistently ≥ 500mgP/MJME 17 82.4 (56.6, 96.2) 
FP:ME consistently < 500mgP/MJME 29 62.1 (42.3, 79.3) 
Current ownership ≥20 years 
FP:ME consistently ≥ 500mgP/MJME 16 50.0 (24.7, 75.3) 
FP:ME consistently < 500mgP/MJME 33 45.5 (28.1, 63.6) 
Average annual rainfall <600mm 
FP:ME consistently ≥ 500mgP/MJME 22 50.0 (28.2, 71.8) 
FP:ME consistently < 500mgP/MJME 43 37.2 (23.0, 53.3) 
CI = Confidence interval, average wet season FP:ME consistently = greater than or equal to 500mgP/MJME for 
3/3, 2/3 or 2/2 years. ᶧ derived from McCosker and Winks (1994); * Cows segregated according to lactation status 
and/or foetal age 
Table 42 is a descriptive summary of the prevalence of selected property-year level 
factors by category of wet season FP:ME  for the study period (2009 - 2011). 
Generally differences between the prevalence of all selected factors by category of 
wet season FP:ME were small. 
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Table 42.  Descriptive summary of the prevalence of property-year factors across all property-years and 
in at least one year by category of wet season FP:MEᶧ  for the study period (2009 - 2011). 
Risk factor by category 
of wet season FP:ME 
Proportion of property-
years with attribute (%) 
Proportion of properties with 
attribute in at least one year 
(%) 
n Mean 95% CI n Mean 95% CI 
Mean wet season CP:DMD ≥0.125 
FP:ME consistently ≥ 
500mgP/MJME 
64 87.5 (76.8, 94.4) 22 100.0 (84.6, 100) 
FP:ME consistently < 
500mgP/MJME 
122 78.7 (30.4, 85.6) 45 97.8 (88.2, 99.9) 
Beast per watered area ≥ 6 beast/ha 
FP:ME consistently ≥ 
500mgP/MJME 
54 7.4 (2.1, 17.9) 20 15.0 (3.2, 37.9) 
FP:ME consistently < 
500mgP/MJME 
98 23.5 (15.5, 33.1) 37 35.1 (20.2, 52.5) 
Stocking rate ≥0.5 beast/ha 
FP:ME consistently ≥ 
500mgP/MJME 
54 33.3 (21.1, 47.5) 20 50.0 (27.2, 72.8) 
FP:ME consistently < 
500mgP/MJME 
98 24.5 (16.4, 34.2) 37 35.1 (20.2, 52.5) 
Minimum wet season pasture >3000kgDM/ha 
FP:ME consistently ≥ 
500mgP/MJME 
63 23.8 (14.0, 36.2) 22 54.5 (32.2, 75.6) 
FP:ME consistently < 
500mgP/MJME 
115 16.5 (10.3, 24.6) 45 33.3 (20.0, 49.0) 
CI = Confidence interval, average wet season FP:ME consistently = greater than or equal to 500mgP/MJME for 
3/3, 2/3 or 2/2 years. ᶧ For each property-year the mean FP:ME for faecal samples collected between 
November and April was determined 
4.3 Study 3: Multivariate modelling to identify the major factors 
affecting the wet season FP:ME less than 500mgP/MJME 
A multifactorial analysis was performed using a binary model which initially included 
the property-year factors described in Study 1 to determine which factors had the 
greatest impact on the risk of the wet season FP:ME being less than 500mgP/MJME 
(Table 43). The model identified three major factors that affected the risk of FP:ME 
being less than 500mgP/MJME; the McCosker and Winks (1994) soil P categories, 
the timing of onset of the wet season and the duration of P supplementation during 
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Table 43. Factors affecting the risk of wet season FP:ME being <500mgP/MJME  - final model. Predicted 
values are adjusted for other explanatory variables contained in the model. 




Lower  Upper  
Intercept    0.013  
Soil P category    0.008  
“Adequate”     53.4 (14.9) 
“Marginal” or “mixed”   2.52  0.48   13.29 0.274 74.3 (14.2) 
“Acute” & “Deficient” 17.75  2.86 110.22 0.002 95.3 (3.4) 
Wet season Onset    0.002  
Early     63.7 (11.1) 
Normal to Late   5.40  1.84   15.86 0.002 90.4 (5.1) 
Duration of P 
supplementation 
   0.048  
≤1 month     65.2 (8.6) 
>1 month   4.71  1.01   22.03 0.048 89.8 (7.0) 
* Odds ratio 
4.3.1 McCosker and Winks (1994) Soil P Categories 
Properties categorised by the McCosker and Winks (1994) soil P map as being 
“acute and deficient” were 17.8 times more likely to have a wet season FP:ME 
<500mgP/MJME compared to those with a soil P category of “adequate” (p=0.002). 
However, although properties categorised as “marginal and mixed” were 2.5 times 
more likely to have a wet season FP:ME <500mgP/MJME than those with a soil P 
category of “adequate” this risk was not significant (p=0.27). The predicted 
proportion of property-years with a wet season FP:ME less than 500mgP/MJME by 
soil P category (McCosker and Winks, 1994) is presented in Figure 37.  
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Figure 37. Predicted proportion of property-years with a wet season FP:ME less than 500mgP/MJME by 
soil P category (McCosker and Winks, 1994). 
The McCosker and Winks (1994) soil P category “acute and deficient” appears to 
provide a good indication of the risk of wet season FP:ME being less than 
500mgP/MJME, however the other categories are much less discriminatory. 
4.3.2 Wet season Onset 
An early wet season onset has been shown to be a major factor influencing the risk 
of FP:ME being less than 500mgP/MJME. Figure 38 shows that there is a decreased 
risk of FP:ME being below 500mgP/MJME if the wet season onset is early, that is the 
accumulation of 50mm of rainfall from 1st September to the 15th September in a 
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Figure 38. Predicted percentage of property-years with FP:ME is less than 500mgP/MJME and the effect 
of the time of wet season onset - Early (prior to 15th September), Normal to Late (between 15th 
September and 31st March the following year). 
4.3.3 Duration of wet season P supplement 
The third major factor in the FP:ME being less than 500mgP/MJME is the duration of 
wet season P supplementation. The risk is significantly (p=0.048) less if the property 
is providing wet season P supplement for one month or less (Figure 39). Once again, 
this highlights that people are aware of the marginality of phosphorus of the land 
types and so they are providing P supplementation for the entire wet season in most 
cases, as half of those supplementing for one month or less are not providing P 
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Figure 39. Predicted percentage of property-years with FP:ME is less than 500mgP/MJME and the 
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5.0 Discussion: 
5.1 The FP:ME ratio 
The faecal phosphorus to metabolisable energy ratio (FP:ME) is an indicator of the 
level of risk that phosphorus is limiting the reproductive performance of beef cattle 
across northern Australia (McGowan et al., 2014). A large amount of research has 
attempted to measure P responses and have come to the conclusion that faecal P 
alone is not a sufficient indicator of when a response to fertilisation or 
supplementation of breeding cattle will occur (Winks et al., 1977; Holechek et al., 
1985; Read et al., 1986c; Wadsworth et al., 1990; Ternouth and Coates, 1997; Karn, 
2001; Dixon and Coates, 2010; Jackson et al., 2012). The suggestion of FP:ME 
being a good indicator of dietary P status is based on research conducted at 
Springmount and Lansdown in north Queensland. After the removal of P supplement 
treatments from pasture based systems (native pastures, improved pastures and 
legumes) a clear relationship between faecal P and dietary P concentration was 
identified (Dixon and Coates, 2010). Cohen (1974) found that diet DMD and faecal P 
in a multiple regression model improved the prediction of dietary P concentration and 
suggested that FP:ME should therefore be a good predictor of dietary P status. It is 
also suggested by Jackson et al. (2012), Dixon and Coates (2010) and McGowan et 
al. (2014) that the amount of dietary P required also depends on the amount of 
energy (dry matter) an animal is consuming and so, the sufficiency of P can be 
estimated from the FP:ME ratio.  
Quigley et al. (2015) stated that “the work that underpins FP:ME as an indicator of 
dietary P content, i.e. Faecal P is related to diet P content and P requirements to 
achieve production targets are linked to ME intake….the relationship between diet P 
and faecal P was also evaluated by Dixon and Coates (2012) across a range of 
published data sets with a comparable result to that found across the northern 
Australian data sets”. However, concerns were raised about FP:ME as an indicator 
for P deficiency in cows by Quigley et al. (2015) when the value suggested a P 
deficiency but all other measures (Pi , LWG, BCS, reproduction) suggested P 
sufficiency. The influence of different pasture communities was suggested as a 
factor influencing the FP:ME ratio calculation. Quigley et al. (2015) suggested 
caution be used in areas with different diet characteristics to Springmount and 
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Lansdown where the relationship was originally developed. Dixon and Coates (2010) 
agreed stating that the factors directly influencing FP:ME have little experimental 
evidence and so, this ratio requires further research before widespread application.  
The average wet season DMD across all properties in the study is 57%. The 
threshold value for this DMD from Jackson et al. (2012) for P requirements of a 
400kg lactating breeder (5L milk/day) is 410mgP/MJME. This is the level at which 
the concentration of P in faeces to the ME of the diet, calculated from the DMD 
meets the dietary P requirements. Below this level (410mgP/MJME) the animals 
should respond to supplementary P. This threshold value is proposed and yet to be 
validated (Dixon and Coates, 2010). Quigley et al. (2015) found that pregnant cows 
had no apparent P deficiency issues when values  less than 250mgP/MJME were 
recorded at the end of the dry season with a DMD of 52% which is far lower than 
current recommendations of 370mgP/MJME (Jackson et al., 2012). The level at 
which reproductive performance is compromised as a result of insufficient faecal P to 
ME in the diet is a threshold of 500mgP/MJME (McGowan et al., 2014) and hence, 
this value has been adopted for this study. However, it is expected that debate on 
correct threshold values will continue. 
It should also be noted that in this study there may be added error in the FP:ME 
calculation as the recommendation of removal of supplemental P 1-2 weeks prior to 
faecal sampling was not performed due to constraints in project design. There is 
continued debate as to the use of FP:ME as a marker for P deficiency however, 
McGowan et al. (2014) found that although the FP:ME ratio could not indicate a 
response to P supplementation it appeared to enable a relative risk of P deficiency to 
be discerned. This study has adopted the suggestion from McGowan et al. (2014) 
that the FP:ME ratio is a sufficient indicator of the risk of insufficient P for heifer and 
cow reproductive performance only, not an indicator of whether P is sufficient or 
insufficient so as to result in a response to P supplementation. This study has 
identified some of the factors affecting the risk of P deficiency in relation to 
reproductive performance, being the risk of the FP:ME being below a threshold value 
of 500mgP/MJME. 
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5.2 Study 1: Discussion of significant factors in the likelihood of 
FP:ME below 500mgP/MJME 
Study 1 investigated a number of environmental, management and animal factors 
and the impact of these factors on the adequacy of the mean wet season FP:ME for 
the reproductive performance of cattle grazing on the rangelands of northern 
Australia. Factors investigated within this study include; country type, minimum dry 
and wet season pasture yield, end of growing season minimum pasture yield, wet 
season crude protein to dry matter digestibility, mean annual rainfall, wet season 
onset and duration, McCosker and Winks (1994) soil P categories, wet season P 
supplementation, duration, delivery method and amount fed, wet season stocking 
rate and heifer/cow per watered area within 2.5km buffer, proportion of paddock 
burnt, percent of the mob lactating during the wet season and on an annual basis 
and the mob age structure (percentage heifers and aged cows). 
This study failed to investigate the negative impacts of other elements, such as Ca 
and fluoride (F) on P absorption and hence, on the FP:ME ratio. Ca and F are both in 
high concentrations in bore water, the most common water source for grazing 
properties across northern Australia (Jackson et al., 2012). It is currently unknown if 
Ca is in sufficient quantities to limit P absorption and thereby affect FP:ME, further 
research is required in this area. The information collected in regards to different wet 
season supplement types and rations was not sufficient to explore their effect on 
FP:ME in this study and the impact of protein and/or phosphorus supplementation in 
the dry season was not investigated. The potential differences between pasture and 
their potential error in calculating a correct FP:ME using FNIRS calibration equations 
raised as a possible source of error by  Quigley et al. (2015) has also not been 
investigated within the scope of this project  and so, there is potential for 
unaccounted error to the FP:ME calculation.  
A number of factors were found to have a significant effect on increasing the risk of P 
deficiency (FP:ME<500mgP/MJME); country type, minimum wet season pasture 
yield, end of growing season minimum pasture yield, CP:DMD, early wet season 
onset, long wet season duration, soil P category, provision and duration of wet 
season P supplementation, wet season heifer or cow per watered area and 
percentage of animals lactating annually. 
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5.2.1 Impact of Country Type 
Across northern Australia the threshold value of 500mgP/MJME is predominately 
achieved during the wet season (November to April). This is the time at which energy 
and protein levels are at the highest levels and so P becomes the nutrient of most 
importance.  Although there is annual variation in the mean wet season FP:ME 
(Figure 24), in the southern forest (SF) and central forest (CF) the FP:ME is greater 
than or equal to 500mgP/MJME for longer periods throughout the year than in the 
northern forest (NF) and northern downs (ND). In the ND and NF this threshold of 
500mgP/MJME is only met in certain years during the peak of the wet season 
(January to March) and in some areas this threshold is never met or exceeded. 
Country type was a significant factor (p<0.001) on the risk of FP:ME less than 
500mgP/MJME. There are a diverse range of soils, pasture communities and 
climates across northern Australia, differing in suitability and potential for cattle 
production. Many studies have found differences across the regions of Northern 
Australia in soil P, pasture P and animal production as a result of increased P either 
through supplementation or fertilisation (Coates et al., 1990; Jones, 1990; Kerridge 
et al., 1990; Wadsworth et al., 1990; Winks, 1990; Winter et al., 1990). McGowan et 
al. (2014) confirmed the differences among country types by investigating the 
achievable level (75th percentile) of reproductive output for pregnancy within 4 
months of calving of beef breeding females across northern Australia. The median 
level achieved ranged across country types from 37% in the SF, 49% in the CF, 45% 
in the ND and 11% in the NF regions. FP:ME was identified as a major factor 
affecting this reproductive performance measure (McGowan et al., 2014) and so, it 
would be logical that country type is a factor influencing the sufficiency of FP:ME for 
reproductive performance.  
5.2.2 Impact of Environment 
Minimum wet season pasture biomass was a significant factor (p<0.05) on the risk of 
FP:ME less than 500mgP/MJME. The minimum wet season biomass is the minimum 
estimation of pasture standing dry matter taken on each property from November 
through to April each year. Below 2000kgDM/ha a significant difference was 
observed in the likelihood of a mean wet season FP:ME insufficient for reproductive 
performance. The mean FP:ME increased with increasing minimum wet season 
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pasture biomass. This pattern predominately occurred in the SF and CF regions with 
the relationship diminishing in the ND and NF. The estimation error in the 
assessment of the wet season pasture biomass was minimised by Stocktake training 
of managers and the provision of pasture photo-standards for the 12 main pasture 
communities across northern Australia.  
Increased biomass may allow for increased selective grazing. Despite cattle not 
showing a preference for areas of highest biomass in the dry season (Hunt et al., 
2007), if the high wet season biomass is close to other required paddock features 
e.g. semi-permanent water, the cattle may selectively graze better quality pasture 
species in areas that have higher yields due to underutilisation, areas are not 
overgrazed in the dry due to limited water availability (Hunt et al., 2007). This 
underutilised pasture would have both a high quantity and quality of grass species 
and new growth, lending itself to selective grazing (Senft et al., 1987). Potentially this 
could account for an increase in the FP:ME in relation to a high minimum wet season 
pasture biomass. A high minimum wet season pasture biomass may be due to a 
large amount of residual pasture left from the dry season. This is usually related to 
good land condition which will allow for a large growth potential following rain. There 
are higher amount of nutrients (including P) compared to the energy in young or 
growing grasses which decline as the plant matures. This would potentially lead to 
an increased amount of dietary P in proportion to energy when animals graze the 
new growth early in the wet season prolonging the period of access to high quality 
pasture and hence, increasing the mean wet season FP:ME.  
The amount of pasture available during the dry season (May – October) is an 
indicator of the amount of residual feed that is likely to be left for the start of the 
following wet season. It would seem logical that if the pasture at the end of the 
growing season was adequate, the risk of FP:ME below 500mgP/MJME would be 
lower, particularly in relation to the findings of the minimum wet season pasture 
biomass previously discussed. However, there was 5.2 times the risk of FP:ME<500 
if the pasture at the end of the growing season was inadequate. Of the properties 
with inadequate pasture available at the end of the growing season 44% of property-
years are located in the SF region where seasonal patterns are not completely 
tropically dominated and so growth outside the wet season may occur. Unlike all 
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other country types, the mean wet season FP:ME was lower for the NF region with 
inadequate pasture for the dry season (>3000kgDM/ha). However, it should be noted 
that neither adequate or inadequate pasture for the dry season in the NF region 
resulted in a mean wet season FP:ME sufficient for reproductive performance.  
Nitrogen (N) has a role in the absorption and mobilisation of P, as observed by 
Gartner et al. (1982). Animals fed sufficient P but insufficient N developed signs of 
osteomalacia (severe P deficiency) (Tuen et al., 1984; Read et al., 1986a; Bortolussi 
et al., 1996; De Brouwer et al., 2000). In this study, the wet season CP:DMD ratio 
below the threshold value of 0.125 (Dixon, 2007) was found to be significantly 
different in the likelihood of insufficient wet season FP:ME (p=0.02) when compared 
to adequate wet season CP:DMD. However, overall CP:DMD was not significant in 
increasing the likelihood. Results from the Cash Cow project showed that in the NF, 
wet season CP:DMD was limiting reproductive performance and interacted with 
FP:ME (K. McCosker, pers.com.). It is suggested by Dixon and Coates (2010) that 
dietary N is adopted for use as an indicator of diet quality which in turn will affect the 
P requirements of the animal but it has no direct association with dietary P or the P 
status of an animal. The interaction between CP:DMD and FP:ME or the interaction 
between faecal N and faecal P could be further examined to clear up debate around 
the best ratio for use in extensive grazing and identification of P deficiency. 
The 30 year average annual rainfall had an effect on the mean wet season FP:ME 
approaching significance (p=0.06). However, more important was the timing of the 
rainfall with regards to the onset and duration of the wet season, both factors which 
were of greater significance to the FP:ME less than 500mgP/MJME (p<0.01, 
p=0.001 respectively). Other research conducted across northern Australia has 
shown that the pattern of rainfall is more reliable in boosting cattle production than 
the amount of rainfall received (Winter et al., 1990; Garnett and Williamson, 2010). 
The same is true for factors influencing the wet season FP:ME, an early wet season 
onset (prior to 15th September) reduces the risk of FP:ME being below 
500mgP/MJME by 85.8 times compared to a normal or late wet season onset and a 
long wet season (greater than 6 months) lowers the risk of FP:ME below 
500mgP/MJME by 83.3 times compared to a short to normal wet season duration.  
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Wet season onset is consistent with the findings of Cameron (1996). In the Douglas 
Daly region of the Northern Territory the soil phosphorus availability was increased 
during the wet season and declined rapidly with the cessation of rainfall (Cameron, 
1996). As the lowest level of P occurs at the end of the dry season (Kerridge et al., 
1990) an early onset to the wet season would alleviate this extremely low level of P 
at a critical time of the year, particularly for cattle in the last trimester of pregnancy or 
early lactation and would increase the dietary P and in turn, the mean wet season 
FP:ME. By eliminating the low FP:ME measures expected at the end of the dry 
season the mean wet season FP:ME would also increase. As the analysis in this 
study is based on a mean wet season FP:ME for each property-year it would then be 
logical that if the wet season exceeded six months in length the mean FP:ME would 
be higher because the highest FP:ME occurs in the middle of the wet season and if 
the wet season is longer there would be more high FP:ME measures resulting in a 
higher mean wet season FP:ME.  
Soil P categories mapped by McCosker and Winks (1994) was also a significant 
factor (p<0.001) on the incidence of FP:ME below 500mgP/MJME and is a major 
factor (p<0.01) influencing the risk of FP:ME less than 500mgP/MJME when 
modelling all factors (multivariate model). Kerridge et al. (1990) deemed that much of 
the soils across Northern Australia are P deficient. In agreement with this 
assumption, McCosker and Winks (1994) collated broad-scale information from a 
number of soil and vegetation surveys and research project data to develop a soil P 
distribution map for northern Australia. Jackson et al. (2012) has endorsed this map 
for use on a broad-scale to indicate regions where there may be a requirement to 
feed supplementary P in the wet season (Figure 4). However, as soil P differs greatly 
across small scale areas e.g. paddocks Quigley et al. (2015) has deemed this map 
of limited use in defining small pockets such as, land types, drainage lines and river 
frontage which may provide adequate or even high levels of P on a paddock scale 
sufficient for reproductive performance. As this project is broad-scale it has been 
deemed sufficient to use the McCosker and Winks (1994) soil P map to categorise 
properties into levels of deficiency with an assumption of limited error, particularly if 
comparing “marginal and mixed” with either “acute and deficient” or “adequate” soil P 
categories. It is in the comparison of extreme property-level soil P categories that 
value is found. Only 15% of the properties that were categorised as “acute and 
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deficient” achieved FP:ME greater than or equal to 500mgP/MJME and 60% of 
properties with “adequate” soil P achieved a FP:ME above this threshold. This map 
is a broad-scale map and as such, only provides an indication of the likelihood of P 
deficient country. As soil P is highly variable even on within paddock scale the 
accuracy of this map as to a paddock scale indication of P deficiency is 
questionable. On a property level the soil P categories adopted from McCosker and 
Winks (1994) may give an indication of the risk of P deficiency as soil P is directly 
related to plant P and so is related to intake of dietary P and hence the P:ME ratio.    
5.2.3 Impact of Management 
Wet season P supplementation is a method commonly practiced across northern 
Australia to increase the dietary P intake of cattle during periods when P is the most 
limiting nutrient i.e. the wet season (Jackson et al., 2012). The provision and duration 
of wet season P supplementation is significant (p=0.004, p=0.006 respectively) in the 
incidence of FP:ME below 500mgP/MJME. The property-years in which wet season 
P supplement was provided were at 4.6 times the risk of P deficiency 
(FP:ME<500mgP/MJME) than those that did not provide wet season P supplement. 
If located in the ND and NF regions those that provided wet season P supplement for 
longer were also at 10.3 times the risk of FP:ME being inadequacy for reproductive 
performance. There was only one property-year that was recorded as providing wet 
season P supplement for 4 months.  All property-years in which a P supplement was 
fed during the wet season for 3 or 4 months were in the NF. It is suggested that this 
result is because managers are aware that they are located in an area with a high 
risk of P deficiency and so are providing wet season supplement to alleviate severe 
P deficiency and/or maximise reproductive performance. It is not likely that the P 
supplement directly decreases the FP:ME ratio. It is possible that the FP:ME is 
affected by P supplementation as the supplement alters the absorption of dietary P 
however, it would be expected that an increase, not a decrease, would be observed 
(Dixon and Coates, 2010). 
Across all regions, those property-years not providing wet season P supplementation 
have a lower risk of inadequate FP:ME (FP:ME<500). There are also 29% of those 
property-years providing P where the FP:ME would indicate a low risk of P deficiency 
(FP:ME≥500) and so, would see little benefit in providing wet season P supplement. 
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This finding identifies the requirement for a reliable indicator for diagnosing P 
deficiency and/or establishment of correct threshold values for supplement 
responses and maximised reproductive performance. This has been highlighted by a 
number of other research programs that have investigated phosphorus (Cohen, 
1973b; Ternouth, 1990; Wadsworth et al., 1990; White et al., 1996; Dixon and 
Coates, 2010; Jackson et al., 2012; Quigley et al., 2015).  
The average supplement intake and supplement delivery method were not significant 
on the risk of FP:ME below 500mgP/MJME and were removed from the multivariate 
analysis due to a high percentage of missing data. The current recommendations for 
the amount of wet season P supplement is anything between 2 and 12gP per head 
per day (Jackson et al., 2012) dependant on soil P, animal physiological state and 
DMD. The amount of wet season P that producers are feeding also ranges 
considerably within country types and in some cases was adequate to meet the 
requirements of their lactating breeders. In many cases there was an insufficient 
amount of P supplement being fed resulting in a low wet season FP:ME (Dixon and 
Coates, 2010). This result once again highlights the requirement of a reliable 
measure for P adequacy. Average P supplement intake and delivery method were 
not sufficiently investigated within this study and require further investigation.  
A descriptive analysis of wet season FP:ME, supplement and environmental factors  
identified only one relationship. Wet season supplementation and minimum wet 
season pasture biomass showed a relationship with the average wet season FP:ME. 
The provision of wet season P supplement increased the average wet season 
FP:ME at a minimum wet pasture biomass below 1000kgDM/ha however decreased 
it if the biomass was above 1000kgDM/ha. However, above this level of minimum 
wet season pasture biomass, a decrease in the average wet season FP:ME was 
observed when P supplement was provided. This may suggest a minimum wet 
season pasture biomass below 1000kg DM/ha resulted in a substitution of 
supplement for pasture and an insufficient ME for the P supplement provided i.e. 
supplement wasted. It could then be suggested that in extensive grazing systems a 
minimum wet season pasture biomass should be greater than or equal to 2000kg 
DM/ha.  As the natural grazing preference of cattle is limited by the amount of 
pasture (Senft et al., 1987), it is suggested that when there is the ability to graze 
preferential grasses (>2000kgDM/ha) less benefit can be seen from provision of P 
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supplementation as the ME intake has been increased in proportion to the 
supplementary P provided. This raises the question of sufficiency in relation to the 
amount of wet season P supplement fed and the requirement for reliable indicators 
of P status of a breeding animal and hence, adequacy for reproductive performance. 
Recommended stocking rates are different for each region investigated in this study. 
Stocking rate recommendations also differ with corrections on a property and 
paddock scale for land condition and grazing strategies i.e. cell grazing (Hunt et al., 
2014). McGowan et al. (2014) was unable to define the effect of stocking rate and 
heifer/cow per watered area on reproductive output due to complications with the 
accurate recording of paddock movements and transactions. As this study is 
confined to wet season FP:ME and wet season stocking rate and heifer/cow per 
watered area it has been assumed that because animal movements predominately 
did not occur during the calving period (the wet season). Therefore, wet season 
stocking and heifer/cow per watered area would give a fair indication at a property-
year level of the effect on wet season FP:ME. It was found that stocking rate was 
approaching significance (p=0.05) and beast per watered area was a significant 
factor (p=0.02) in FP:ME below 500mgP/MJME. Stocking rates less than 0.25 
head/ha were significantly different to greater than 0.5 head/ha, with 4.6 times the 
risk of FP:ME less than 500mgP/MJME. Increasing stocking rate therefore led to a 
higher FP:ME. This seems counterintuitive as it is more likely that an increase in 
stocking rate would decrease the wet season FP:ME in terms of overstocking. As the 
48% majority of property-years with low stocking rates (<0.25 head/ha) are located in 
the NF and ND regions this may account for the higher risk of FP:ME below 
500mgP/MJME. In the CF, the mean wet season FP:ME decreased with increasing 
stocking rate. 
Stocking rate does not take into account the area of the paddock that is actually 
utilised by extensively grazed cattle. Cattle in large paddocks normally graze within a 
limited area from watering points and other features of the landscape (Senft et al., 
1987; Hunt et al., 2007; Hunt et al., 2013). Heifers/cows per watered area is a better 
measure of the grazing pressure that is applied to a particular paddock as most 
animals graze within 3km of water (Hunt et al., 2013), Cowley R., pers. com.). The 
watered areas for this study have been calculated as total area of the paddock within 
2.5km of a watering point. Based on current research this a conservative estimate of 
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area utilised for grazing in a paddock (Hunt et al., 2013). At low (<1.5 heifer or 
cows/ha watered area) and very high (≥ 6 heifer or cows/ha watered area) the risk of 
P deficiency was increased by 5.9 and 18.3 respectively. The trend observed for 
average wet season FP:ME in the SF and ND showed heifer/cows per watered area 
increased as the average wet season FP:ME decreased. This would be a logical 
result based on the theory of greater competition for good quality grasses around 
preferential grazing areas leading to less selective grazing and a lower intake (ME) 
hence, a lower FP:ME. All average wet season FP:ME values in the NF were low 
regardless of heifer/cows per watered area, suggesting a nutritional limitation in this 
region. The average wet season FP:ME in the CF increased with increasing 
heifer/cows per watered area. There was only 3 FNIRS samples analysed for beast 
per watered area categories greater than or equal to 4.5 in the CF all resulting in 
very high FP:ME values. The trend in the CF is suggested to be due to error around 
the mean wet season FP:ME due to small sample size. Further research could be 
done in this area to investigate the causal factors of the effect of heifer/cows per 
watered area on FP:ME.  
Although the percentage of the paddock burnt was removed from the multivariate 
analysis due to limited data submission/incidence (13% property-year data) which 
failed to show a significant (p=0.30) effect, there was an interaction identified. As the 
percentage of the paddock burnt increased, so too did the mean wet season FP:ME. 
At the point where the total paddock was burnt, the FP:ME would be expected to be 
zero and the lower FP:ME observed is assumed to be entirely from a synthetic diet 
(hay) and no longer pasture based (Figure 36). As fire removes the standing dry 
matter (ME) it is logical that the proportional decrease would result in a higher 
FP:ME, particularly with higher P concentrations to ME found in young/growing 
pasture. This may be a potential positive of fire in pasture management however, 
there are many other consequences and management implications to be considered 
with the use of fire to increase the FP:ME on a case by case basis. It is not 
suggested that this be used as a general method to increase the FP:ME. 
5.2.4 Impact of Animal factors 
The percentage of the mob lactating in the wet season was not significant (p=0.89) 
to the FP:ME however, the percentage of the mob lactating annually is significant 
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(p=0.005) on the risk of FP:ME being less than 500mgP/MJME. The increased risk of 
FP:ME below 500mgP/MJME with a lower percentage of the mob lactating annually 
and the reduction in the mean wet season FP:ME when more than 65% of the mob 
lactated annually observed in the NF and ND would suggest that the proportion of 
the mob lactating is a result of the FP:ME and that it does not affect the mean wet 
season FP:ME.   
Despite differences in P requirements of heifers, due to added P requirements for 
growth in addition to pregnancy and lactation, and the augmentation of the ability of 
aged cows to mobilise P from bone (Braithwaite, 1975), the percentage of heifers or 
aged cows in the mob did not have a significant (p=0.26, p=0.41 respectively) effect 
on the mean wet season FP:ME. Quigley et al. (2015) suggested that FP:ME may be 
responsive to dietary P independently of P mobilisation and repletion of bone. This 
study was unable to measure the specific impacts of age on FP:ME due to study 
design, further research is required to determine if the contribution of P mobilised 
from bone affects FP:ME.   
5.3 Study 2: Descriptive analysis of management strategies 
implemented by properties with wet season FP:ME 
consistently greater than 500mgP/MJME 
Study 2 identified management strategies implemented by properties with a wet 
season FP:ME consistently (2 or more years) greater than 500mgP/MJME. The NF 
is the region with the lowest potential for reproductive performance and only one 
property in this region was able to consistently achieve a mean wet season FP:ME 
greater than 500mgP/MJME. The main management strategies implemented on this 
property are to not provide wet season P supplement, which can be achieved as the 
property is located on “adequate” P soils according to McCosker and Winks (1994). 
It is a continuously mated herd with a management team that has been there for 3 to 
10 years but with an owner that has been there for more than 50 years. The property 
does not use aerial mustering techniques and instead relies on ground mustering 
and trapping. The heifer/cows per watered area is less than 3 heifer or cows/ha and 
moderate stocking rates (0.25-0.5 heifer or cow/ha) with variation of stocking rates 
between years. The minimum wet season pasture was kept between 1000 and 
3000kgDM/ha. However, other management strategies should not be disregarded, 
segregation or control mating, if practically possible, do aid in decreasing the risk of 
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P deficiency as 95.5% of properties consistently achieving FP:ME sufficient for 
reproductive performance employed controlled or segregated mating. Wet season P 
supplementation if on acutely deficient soils is required to meet the demands of 
reproducing cattle (Cohen, 1980; Ternouth, 1990; De Brouwer et al., 2000; Karn, 
2001; Dixon and Coates, 2010; Jackson et al., 2012). If wet season CP:DMD is 
inadequate such as in the NF (McGowan et al., 2014) it would also be useful to add 
a protein source to the wet season supplement. This study did not investigate the 
specific impacts of each management strategy on the wet season FP:ME. Further 
research into the contribution of these management techniques to maintaining 
adequate FP:ME for reproductive performance is warranted. 
5.4 Study 3: Final multivariate model 
Study 3 involved multivariate modelling to identify the major factors influencing a wet 
season FP:ME to be greater than or equal to 500mgP/MJME (P adequate for 
reproductive performance). The three factors identified were; soil P classification in 
accordance with the McCosker and Winks (1994) map adapted by Jackson et al. 
(2012), early wet season onset and duration of wet season P supplementation 
(Table 43).  
Soil P has long been considered to have major influence over the amount of dietary 
P, due to pasture P being controlled by availability of soil P (Barnes, 1955; Kerridge 
et al., 1990; McLean et al., 1990; McCosker and Winks, 1994; Dixon and Coates, 
2010; Jackson et al., 2012). This study has confirmed that soil P is a major factor 
affecting mean wet season FP:ME. However, caution should be applied to the 
widespread use of the McCosker and Winks (1994) soil P map, as previously 
discussed categorisations in the “marginal and mixed” could be either “adequate” or 
“acutely deficient” particularly when observing the effect on a paddock scale. For 
broad-scale indications the extreme categories of the McCosker and Winks (1994) 
soil P classifications may be indicative of risk of inadequate P for reproductive 
performance (wet season FP:ME<500mgP/MJME).  
Early wet season onset is completely under environmental control. In the event of an 
early wet season onset, the accumulation of 50mm of rainfall prior to 15th 
September, should be used to opportunistically make efficiency cuts to P 
supplementation management. The multivariate analysis also found a slight 
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interaction between early wet season onset and the provision of wet season P 
supplementation. Properties that would normally be at a high risk of P deficiency 
were able to provide P supplement for one month or not at all and have a low risk of 
P deficiency, if the wet season onset was early. This result may allow for a flexible 
management perhaps resulting in cost effective supplementation strategies for those 
properties that are in marginal or adequate areas of the SF and CF regions when the 
onset of the wet season is early. Rain after an early onset is considered important to 
maintain a high FP:ME and so, in the event of an early wet season onset follow up 
rain and duration of the wet season should be considered in making these 
management decisions.  
Duration of supplementation as a major factor affecting the FP:ME ratio was less 
significant than soil P and early wet season onset, p=0.04. The risk of P deficiency 
increased if the property-years fed for longer than one month compared to property-
years that fed wet season P supplement for one month or not at all. The main month 
that wet season supplement was supplied was November followed by January. This 
could suggest that perhaps bulk amounts of wet season P supplement may have 
been distributed in these months and lasted for longer than the measure assumed 
(per month). However, 78% of property-years recorded supplementing for one month 
or less. Of those property-years supplementing for longer than one month 69% are 
located in the NF and ND regions. Across all regions 68% are located on acutely 
deficient soil P. As previously suggested this is an effect related to the producers in 
these regions being aware of the high risk of P deficiency in their region and so, they 
are providing P supplement to the animals for the duration of the wet season. In fact, 
properties that supplied wet season P supplements for longer than 2 months were all 
located in the NF.  
5.5 Critical summary of the major findings 
The major findings from this study have been stated, explained and compared or 
contrasted with previous research findings in previous sections of this discussion. 
This section aims to critically evaluate the major findings mentioned and the 
objectiveness of the discussion and if the claims have been substantiated by valid 
arguments that can be confirmed. Clarification, justification and explanation of 
FP:ME and associated threshold values has been well defined within the discussion 
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so as to allow for clear assessment of the factors affecting the FP:ME ratio in relation 
to thresholds for cow reproductive performance. This is shown to be unrelated to the 
possibility of observed benefits from the provision of wet season P supplementation. 
The limitations of this study have also been outlined in relation to Ca and F 
interactions with P absorption, failure to confirm FP:ME as a reliable indicator of a 
response to P supplementation, differences between pasture communities, the 
average P supplement intake and delivery method, animal age or lactation and their 
effect on FP:ME as an indicator of P sufficiency for extensively grazing breeding 
cattle. The data collected has been analysed using a number of methods and it has 
been clearly defined with regards to when statistical significance has been 
demonstrated and when descriptive results have been outlined throughout the 
thesis. This enables the correct amount of emphasis to be placed on the individual 
and/or combined effects of factors on FP:ME.  
The major findings of this study has outlined a number of factors that have a 
significant effect on the likelihood of the FP:ME ratio being insufficient for 
reproductive performance of beef cattle (FP:ME<500mgP/MJME). The three major 
factors are; soil P classification (p<0.01), early wet season onset (p<0.01) and the 
duration of wet season P supplementation (p=0.04). These factors have been 
identified in a multifactorial analysis. Other factors having an effect on FP:ME 
identified in a univariate analysis include; country type (p<0.001), soil P classification 
(p<0.001), long wet season duration (p=0.001), early wet season onset (p<0.01), 
provision and duration of wet season P supplement (p=0.004, 0.006 respectively), 
percent of the mob lactating annually (p=0.005), CP:DMD (p=0.02), beast per 
watered area (p=0.02) and minimum wet season pasture yield (p<0.05).  
Each of these factors have been compared or contrasted to previous research 
findings. Where there is not enough previous research to back findings the factor has 
been suggested by the author to be indicative of an area where further research is 
required designed specifically to assess the effect of the factor on FP:ME  being 
insufficient for reproductive performance of extensive beef breeding females 
(FP:ME<500mgP/MJME).   
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6.0 Conclusion: 
There are three major factors decreasing the risk of the FP:ME being less than or 
equal to 500mgP/MJME; soil P classification in accordance with the McCosker and 
Winks (1994) soil P map adapted by Jackson et al. (2012), an early wet season 
onset and the duration of wet season P supplementation. Other significant factors 
increasing the risk of FP:ME being less than 500mgP/MJME include; country type, 
provision of wet season P supplement, beast per hectare of watered area, minimum 
wet season pasture biomass and duration of the wet season. Further research is 
required to describe the effect of each of these factors directly on the FP:ME ratio 
and the level at which each factor optimises the FP:ME. Further examination of the 
FP:ME ratio and threshold values should be investigated. 
  
143 | P a g e  
M . P h i l .  –  W h i t n e y  D o l l e m o r e  –  4 1 0 1 4 8 8 6  
7.0 References: 
ARC (1965).The Nutrient requirements of Farm Livestock. No 2. Ruminants. (Ed A. R. C. Technical 
Reviews and summaries). (HMSO: London). 
ARC (1980).The Nutrient Requirements of Ruminant Livestock. (Ed T. R. b. a. A. R. C. W. Party). 
(HMSO: London). 
Barnes, J., and Jephcott, BR. (1955). Phosphorus deficiency in cattle in the Northern Territory and it's 
control. Australian Veterinary Journal (December): 302-316. 
Benzie, D., Boyne, A. W., Dalgarno, A. C., Duckworth, J. & Hill, R. (1959). Studies of the skeleton of 
the sheep. III. The relationship between phosphorous intake and resorption and repair of the 
skeleton in pregnancy and lactation. The Journal of Agricultural Science 52(01): 1-12. 
Bisschop, J. (1964).Feeding phosphates to cattle. In Science Bulletin No 365Pretoria, South Africa: 
Department of Agricultural and Technical Services. 
Black, W., Tash, L., Jones, J. & Kleberg, R. (1943).Effects of phosphorus supplements on cattle grazing 
on range deficient in this mineral. Vol. Technical Bulletin No. 856Washington DC.: United 
States Department of Agriculture. 
Bortolussi, G., Ternouth, J. & McMeniman, N. (1996). Dietary nitrogen and phosphorus depletion in 
cattle and their effects on liveweight gain, blood metabolite concentrations and phosphorus 
kinetics. J. Agric. Sci., Camb. 1262: 493-501. 
Bortolussi, G., Ternouth, J. H. & McMeniman, N. P. (1992). The effects of dietary nitrogen and 
calcium supplementation in Bos indicus cross cattle offered low P diets. Proceedings of the 
Australian Society of Animal Production 19: 381-384. 
Bortolussi, G., Ternouth, J. H. & McMeniman, N. P. (1999). Phosphorus repletion of cattle previously 
exposed to dietary nitrogen and phosphorus deficiencies. Australian Journal of Agricultural 
Research 50(1): 93-100. 
Boxebeld, A., Guéguen, L., Hannequart, G. & Durand, M. (1983). Utilization of phosphorus and 
calcium and minimal maintenance requirement for phosphorus in growing sheep fed a low-
phosphorus diet. Reproduction, nutrition, development 23: 1043-1053. 
Braithwaite, G. D. (1975). Studies on absorption and retention on calcium and phosphorus by young 
and mature Ca-deficient sheep. British Journal of Nutrition 34(2): 311-324. 
Braithwaite, G. D. (1978). The effect of dietary protein on calcium metabolism of the pregnant ewe. 
British Journal of Nutrition 40(2): 505-507. 
Braithwaite, G. D. (1985). Endogenous faecal loss of phosphorus in growing lambs and the 
calculation of phosphorus requirements. Journal of Agricultural Science 105: 67-72. 
Braithwaite, G. D. (1986). Phosphorus requirements of ewes in pregnancy and lactation. The Journal 
of Agricultural Science 106(02): 271-278. 
Bravo, D., Sauvant, D., Bogaert, C. & Meschy, F. (2003). III. Quantitative aspects of phosphorus 
excretionin ruminants. Reprod. Nutr. Dev. 43(3): 285-300. 
Bryant, M., Robinson, I. & Chu, H. (1959). Observations on the nutrition of Bacteriodes succinogenesI 
- a ruminal cellulolytic bacterium. Journal of Dairy Science 42: 1831-1847. 
Call, J., Butcher, J., ., Shupe, J., Blake, J. & Olsen, A. (1986). Dietary phosphorus for beef cows. 
American Journal of Veterinary Research 47: 475-481. 
Call, J. W., Butcher, J. E., Shupe, J. L., Lamb, R. C., Boman, R. L. & Olson, A. E. (1987). Clinical effects 
of low dietary phosphorus concentrations in feed given to lactating dairy-cows. American 
Journal of Veterinary Research 48(1): 133-136. 
Cameron, A. (1996).Seasonal changes in soil available phosphorus concentrations. Vol. Technote No. 
95Darwin, Northern Territory: NT DPIF. 
Challa, J., Braithwaite, G. D. & Dhanoa, M. S. (1989). Phosphorus homoeostasis in growing calves. 
The Journal of Agricultural Science 112(02): 217-226. 
Cheng, F. & Hulley, P. (2010). The osteocyte - a novel endocrine regulator of body phosphate 
homeostasis. Maturitas 67(4): 327-338. 
144 | P a g e  
M . P h i l .  –  W h i t n e y  D o l l e m o r e  –  4 1 0 1 4 8 8 6  
Coates, D. (1994). The effects of phosphorus as fertiliser or supplement on pasture and cattle 
productivity in the semi-arid tropics of north Queensland. Tropical Grasslands 28: 90-108. 
Coates, D. (1995). Effect of phosphorus as fertiliser or supplement on the forage intake of heifers 
grazing stylo-based pastures. Australian Journal of Experimental Agriculture 35(2): 181-188. 
Coates, D. (1996). Diet selection by cattle grazing Stylosanthes - grass pastures in the seasonally dry 
tropics: effect of year, season, stylo species and botanical composition. Australian Journal of 
Experimental Agriculture 36(7): 781-789. 
Coates, D. (2004).Faecal NIRS-technology for improving nutritional management of grazing cattle. 
Sydney: Meat and Livestock Australia. 
Coates, D., Kerridge, P., Miller, C. & Winter, W. (1990). Phosphorus and Beef production in Northern 
Australia 7. The effect of Phosphorus on the composition, yield and quality of legume-based 
pasture and their relation to animal production. Tropical Grasslands 24: 209-220. 
Coates, D. & Murray, R. (1994). Tail-bone density compared with other indicators of phosphorus 
deficiency in cattle. Proc. Aust. Soc. Anim. Prod. 20: 329-332. 
Coates, D. B. & Dixon, R. M. (2009). Near Infrared Reflectance Spectroscopy of faeces to evaluate the 
nutrition and physiology of herbivores. J. Near Infrared Spectrosc. 17: 1-31. 
Coates, D. B. & Ternouth, J. H. (1992). Phosphorus kinetics of cattle grazing tropical pastures and 
implications for the estimation of their phosphorus requirements. The Journal of Agricultural 
Science 119(03): 401-409. 
Cohen, R. (1973a). Phosphorus nutrition of beef cattle. 2. Relation of pasture phosphorus to 
phosphorus content of blood, hair and bone grazing steers. Australian Journal of 
Experimental Agriculture 13(60): 5-8. 
Cohen, R. (1973b). Phosphorus nutrition of beef cattle. 3. Effect of supplementation on the 
phosphorus content of blood and on the phosphorus and calcium contents of hair and bone 
of grazing steers. Australian Journal of Experimental Agriculture 13(65): 625-629. 
Cohen, R. (1974). Phosphorus nutrition of beef cattle. 4. The use of faecal and blood phosphorus for 
the estimation of phosphorus intake. Australian Journal of Experimental Agriculture 14(71): 
709-715. 
Cohen, R. D. H. (1980). Phosphorus in rangeland ruminant nutrition: A review. Livestock Production 
Science 7(1): 25-37. 
CSIRO (Ed) (2007). Nutrient Requirements of Domesticated Ruminants. Collingwood, Victoria: CSIRO. 
De Brouwer, C., Cilliers, J., Vermaak, L., van der Merwe, H. & Groenewald, P. (2000). Phosphorus 
supplementation to natural pasture grazing for beef cows in the Western Highveld region of 
South Africa. South African Journal of Animal Science 30(1): 43-52. 
de Waal, H. & Koekemoer, G. (1997). Blood, rib-bone and rumen fluid as indicators of phosphorus 
status of grazing beef cows supplemented with different levels of phosphorus at 
Armoedsvlakte. South African Journal of Animal Science 27: 76-84. 
DeGaris, P. J. & Lean, I. J. (2009). Milk fever in dairy cows: A review of pathophysiology and control 
principles. The Veterinary Journal 176(1): 58-69. 
Deitert, C. & Pfeffer, E. (1993). Effects of a reduced P supply in combination with adequate or high 
Ca intake on performance and mineral balances in dairy goats during pregnancy and 
lactation. Journal of Animal Physiology and Animal Nutrition 69(1-5): 12-21. 
DeLuca, H. (2004). Overview of general physiologic features and functions of vitamin D1–4. The 
American Journal of Clinical Nutrition 80(6): 1689-1696. 
Dias, R., Lopez, S., Patino, R., Silva, T., Filho, J., Vitti, D., Pecanha, M., Kebreab, E. & France, J. (2011). 
An extended model of phosphorus metabolism in growing ruminants. Journal of Animal 
Science 89: 4151-4162. 
Dixon, R. M. (1995).Collation of recent information on productivity and use of supplements for 
breeders in the marginal and harsh regions of northern Australia. Brisbane: Report to the 
Meat Research Corporation, Department of Primary Industries, Queensland. 
145 | P a g e  
M . P h i l .  –  W h i t n e y  D o l l e m o r e  –  4 1 0 1 4 8 8 6  
Dixon, R. M. (2007).Utilising faecal NIRS measurements to improve prediction of grower and breeder 
cattle performance and supplement management. DPIF. 
Dixon, R. M. & Coates, D. (2005). The use of faecal NIRS to improve nutritional management of cattle 
in northern Australia. Recent advances in animal nutrition in Australia 15: 65-75. 
Dixon, R. M. & Coates, D. (2010).A review of phosphorus nutrition of cattle in northern Australian 
grazing systems. 1-50: Queensland Department of Employment, Economic Development and 
Innovation. 
Dixon, R. M., Playford, C. & Coates, D. B. (2011a). Nutrition of beef breeder cows in the dry tropics. 
1. Effects of nitrogen supplementation and weaning on breeder performance. Animal 
Production Science 51(6): 515-528. 
Dixon, R. M., Playford, C. & Coates, D. B. (2011b). Nutrition of beef breeder cows in the dry tropics. 
2. Effects of time of weaning and diet quality on breeder performance. Animal Production 
Science 51(6): 529-540. 
Dixon, R. M., Smith, D. R. & Coates, D. (2007). The use of faecal near infrared reflectance 
spectroscopy to improve nutirional management of breeders in the seasonally dry tropics. 
Recent advances in animal nutrition in Australia 16: 135-145. 
Dixon, R. M., Smith, D. R., Fordyce, G. & D'Occhio, M. (1996). Effects on post partum 
supplementation of Bos Indicus cross first-calf cows. Proceedings of the Australian Society of 
Animal Production 21: 440. 
Dixon, R. M., White, A., Fry, P. & Petherick, J. C. (2003). Effects of supplement type and previous 
experience on variability in intake of supplements by heifers. Australian Journal of 
Agricultural Research 54(6): 529-540. 
Eggington, A., McCosker, T. & Graham, C. (1990). Intake of lick block supplements by cattle grazing 
native monsoonal tallgrass pastures in the Northern Territory. The Rangeland Journal 12(1): 
7-13. 
Ekelund, A., Sporndly, R. & Holtenius, K. (2006). Influence of low phosphorus intake during early 
lactation on apparent digestibility of phosphorus and bone metabolism in dairy cows. 
Livestock Science 99: 227-236. 
Erickson, G., Klopfenstein, T., Milton, C., Brink, D., Orth, M. & Whittet, K. (2002). Phosphorus 
requirement of finishing feedlot calves. Journal of Animal Science 80: 1690-1695. 
Field, A., Coop, R., Dingwall, R. & Munro, C. (1982). The phosphorus requirements for growth and 
maintenance of sheep. J. Agric. Sci., Camb. 99: 311-317. 
Field, A., Suttle, N. & Nisbet, D. (1975). Effects of diets low in calcium and phosphorus on the 
development of growing lambs. J. Agric. Sci., Camb. 85: 435-442. 
Fordyce, G., Fitzpatrick, L. A., Mullins, T. J., Cooper, N. J., Reid, D. J. & Entwistle, K. W. (1997). 
Prepartum supplementation effects on growth and fertility in <i>Bos indicus</i>-cross cows. 
Australian Journal of Experimental Agriculture 37(2): 141-149. 
Garnett, S. T. & Williamson, G. (2010). Spatial and temporal variation in precipitation at the start of 
the rainy season in tropical Australia. Rangeland Journal 32(2): 215-226. 
Gartner, R., Murphy, G. & Hoey, W. (1982). Effects of induced, subclinical phosphorus deficiency on 
feed intake and growth of beef heifers. J. Agric. Sci., Camb. 98: 23-29. 
Geisert, B., Erickson, G., Klopfenstein, T., Macken, C., M., L. & MacDonald, J. (2010). Phosphorus 
requirement and excretion of finishing beef cattle fed different concentrations of 
phosphorus. Journal of Animal Science 88: 2393-2402. 
Hart, B. & Mitchell, G. (1965). Effect of phosphate supplementation on the fertility of an open range 
beef cattle herd on the Barkly Tableland. Australian Veterinary Journal 41: 305-309. 
Hendricksen, R., Ternouth, J. & Punter, L. (1994). Seasonal nutrient intake and phosphorus kinetics of 
grazing steers in northern Australia. Australian Journal of Agricultural Research 45(8): 1817-
1829. 
146 | P a g e  
M . P h i l .  –  W h i t n e y  D o l l e m o r e  –  4 1 0 1 4 8 8 6  
Hill, S. R., Knowlton, K. F., Kebreab, E., France, J. & Hanigan, M. D. (2008). A Model of Phosphorus 
Digestion and Metabolism in the Lactating Dairy Cow. Journal of Dairy Science 91(5): 2021-
2032. 
Hoey, W., Murphy, G. & Gartner, R. (1982). Whole body composition of heifers in relation to 
phosphorus status with particular reference to the skeleton. J. Agric. Sci., Camb. 98: 31-37. 
Holechek, J. L., Galyean, M. L., Wallace, J. D. & Wofford, H. (1985). Evaluation of faecal indices for 
predicting phosphorus status of cattle. Grass and Forage Science 40(4): 489-492. 
Holtenius, K. & Ekelund, A. (2005). Biochemical markers of bone turnover in the dairy cow during 
lactation and the dry period. Research in Veterinary Science 78: 17-19. 
Horst, R. L. (1986). Regulation of Calcium and Phosphorus Homeostasis in the Dairy Cow. Journal of 
Dairy Science 69(2): 604-616. 
Hunt, L. P., McIvor, J. G., Grice, A. C. & Bray, S. G. (2014). Principles and guidelines for managing 
cattle grazing in the grazing lands of northern Australia: stocking rates, pasture resting, 
prescribed fire, paddock size and water points – a review. The Rangeland Journal 36(2): 105-
119. 
Hunt, L. P., Petty, S., Cowley, R., Fisher, A., Ash, A. J. & MacDonald, N. (2007). Factors affecting the 
management of cattle grazing distribution in northern Australia: preliminary observations on 
the effect of paddock size and water points1. The Rangeland Journal 29(2): 169-179. 
Hunt, L. P., Petty, S., Cowley, R., Fisher, A. D., White, A., MacDonald, R., Pryor, M., Ash, A., McCosker, 
K., McIvor, J. G. & MacLeod, D. (2013).Sustainable development of Victoria River District 
(VRD) grazing lands. In B.NBP.0375(Ed MLA). Sydney, Australia: Meat and Livestock Australia. 
Hunter, R. & Siebert, B. (1986). The effects of genotype, age, pregnancy, lactation and rumen 
characteristics on voluntary intake of roughage diets by cattle. Australian Journal of 
Agricultural Research 37(5): 549-560. 
Jackson, D., Rolfe, J., English, B., Holmes, W., Matthews, R., Dixon, R. M., Smith, P. & MacDonald, N. 
(Eds) (2012). Phosphorus management of beef cattle in northern Australia. Sydney: Meat and 
Livestock Australia Limited. 
Jeffrey, S. J., Carter, J. O., Moodie, K. B. & Beswick, A. R. (2001). Using spatial interpolation to 
construct a comprehensive archive of Australian climate data. Environmental Modelling & 
Software 16(4): 309-330. 
Jones, R. (1990). Phosphorus and beef production in Northern Australia. 1. Phosphorus and pasture 
productivity - a review. Tropical Grasslands 24: 131-139. 
Judkins, M., Wallace, J., Parker, E. & Wright, J. (1985). Performance and Phosphorus status of range 
cows with and without phosphorus supplementation. Journal of Range Management 38(2): 
139-143. 
Karn, J. (2001). Phosphorus nutrition of grazing cattle: a review. Animal Feed Science and Technology 
89: 133-153. 
Keene, B., Knowlton, K., McGilliard, M., Lawrence, L., Nickols-Richardson, S., Wilson, J., Rutledge, A., 
McDowell, L. & Van Amburgh, M. (2004). Measures of Bone Mineral Content in Mature Dairy 
Cows. Journal of Dairy Science 87: 3816-3825. 
Kerridge, P. C., Gilbert, M. A. & Coates, D. B. (1990). Phosphorus and beef production in northern 
Australia 8. The status and management of soil phosphorus in relation to beef production. 
Tropical Grasslands 24(3): 221-230. 
Knowlton, K. F. & Herbein, J. H. (2002). Phosphorus Partitioning During Early Lactation in Dairy Cows 
Fed Diets Varying in Phosphorus Content. Journal of Dairy Science 85(5): 1227-1236. 
Komisarczuk, S., Merry, R. & McAllan, A. (1987). Effect of different levels of phosphorus on rumen 
microbial fermentation and synthesis determined using a continuous culture technique. 
British Journal of Nutrition 57: 279-290. 
Lean, I. J. (1987). Nutrition of Dairy Cattle. Sydney: University of Sydney Postgraduate Foundation in 
Veterinary Science. 
147 | P a g e  
M . P h i l .  –  W h i t n e y  D o l l e m o r e  –  4 1 0 1 4 8 8 6  
Little, D. & Shaw, N. (1979). Superphosphate and stocking rate effects on a native pasture oversown 
with <I>Stylosanthes humilis</I> in central coastal Queensland. 5. Bone phosphorus levels in 
grazing cattle. Australian Journal of Experimental Agriculture 19(101): 645-651. 
Little, D. A. (1968).Effect of dietary phosphate on the voluntary consumption of Townsville lucerne 
(Stylosanthes humilis) by cattle. In the Australian Society of Animal Production, Vol. 7, 376-
380. 
Little, D. A. (1972). Bone biopsy in cattle and sheep for studies of phosphorus status. Australian 
Veterinary Journal 48(12): 668-670. 
Little, D. A. (1980). Observations on the phosphorus requirement of cattle for growth. Research in 
Veterinary Science 28: 258-260. 
Little, D. A. (1983).Bovine body composition and phosphorus storage: the in vitro assessment of 
body composition and phosphorus status, and the dietary phosphorus requirements of 
cattle for growth. Vol. PhD thesisAustralia: University of Queensland. 
Little, D. A. (1984). Definition of an objective criterion of body phosphorus resserves in cattle and its 
evaluation invivo. Canadian Journal of Animal Science 64: 229-231. 
Loxton, I., Murphy, G. & Toleman, M. (1983). Effect of superphosphate application on the 
phosphorus status of breeding cattle grazing Townsville stylo based pastures in northern 
Queensland. Australian Journal of Experimental Agriculture 23(123): 340-347. 
Lyons, R. K. & Stuth, J. W. (1992). Fecal NIRS Equations for Predicting Diet Quality of Free-Ranging 
Cattle. Journal of Range Management 45(3): 238-244. 
McCaskill, M. (1990). Phosphorus and beef production in Northern Australia  9. Modelling 
phosphorus requirements of beef cattle. Tropical Grasslands 24: 231-238. 
McCosker, T. & Winks, L. (1994).Phosphorus Nutrition of beef cattle in northern Australia. (Ed Q. 
Department Primary Industries). Brisbane: State of Queensland, Department of Primary 
Industries. 
McGowan, M., McCosker, K., Fordyce, G., Smith, D. R., Orourke, P. K., Perkins, N., Barnes, T., 
Marquart, L., Newsome, T., Menzies, D., Burns, B. & Jephcott, S. (2014).North Australian 
Beef Fertility Project - Cash Cow. Meat and Livestock Australia Ltd. 
McGrath, J. J., Savage, D. B., Nolan, J. V. & Elliott, R. (2012). Phosphorus and calcium retention in 
steers fed a roughage diet is influenced by dietary 25OH-vitamin D. Animal Production 
Science 52(7): 636-640. 
McLean, R., Hendricksen, R., Coates, D. & Winter, W. (1990). Phosphorus and beef production in 
Northern Australia. 6. Dietary attributes and their relation to cattle growth. Tropical 
Grasslands 24: 197-208. 
Miller, C., Coates, D., Ternouth, J. & White, S. (1997).Phosphorus management for breeding cattle in 
northern Australia. Meat and Livestock Australia Ltd. 
Miller, C., Fitzpatrick, L., White, S., Coates, D. & Ternouth, J. (1996). Effects of phosphorus on 
performance of grazing cows and calves. Proceedings of the Australian Society of Animal 
Production 21: 355. 
Milton, J. & Ternouth, J. (1985). Phosphorus metabolism in ruminants. 2. Effects of inorganic 
phosphorus concentration upon food intake and digestibility. Australian Journal of 
Agricultural Research 36(4): 647-654. 
NRC (Ed) (1996). Nutrient Requirements of Beef Cattle. Washington: National Academy Press. 
Ostrowski-Meissner, H. (Ed) (1987). Australian Feed Composition Tables. Sydney: AFIC CSIRO. 
Petri, A., Müschen, H., Breves, G., Richter, O. & Pfeffer, E. (1988). Response of lactating goats to low 
phosphorus intake 2. Nitrogen transfer from rumen ammonia to rumen microbes and 
proportion of milk protein derived from microbial amino acids. The Journal of Agricultural 
Science 111(02): 265-271. 
Pfeffer, E., Rodehutscord, M. & Breves, G. (1995). Effects of reducing dietary calcium and/or 
phosphorus on performance and body composition in male kids. Journal of Animal 
Physiology and Animal Nutrition 74(1-5): 243-252. 
148 | P a g e  
M . P h i l .  –  W h i t n e y  D o l l e m o r e  –  4 1 0 1 4 8 8 6  
Playne, M. (1976). Availability of phosphorus in feed stuffs for utilisation by ruminants. In: Blair, G. 
(ed), Reviews in Rural Science, 155-164, (University of New England: Armidale). 
Poppi, D. & Ternouth, J. (1979). Secretion and Absorption of Phosphorus in the Gastrointestinal Tract 
of Sheep Fed on Four Diets. Aust. J. Agric. Res. 30: 503-512. 
Quigley, S. P., Poppi, D. P. & Schatz, T. J. (2015).Validation and demonstration of a diagnostic tool for 
phosphorus status of beef cattle. (Ed MLA). Sydney, NSW. 
Read, M., Engels, E. & Smith, W. (1986a). Phosphorus and the grazing ruminant 2. The effects of 
supplementary P on cattle at Glen and Armoedsvlakte. South African Journal of Animal 
Science 16(1): 7-12. 
Read, M., Engels, E. & Smith, W. (1986b). Phosphorus and the grazing ruminant 3. Rib bone samples 
as an indicator of the P status of cattle. South African Journal of Animal Science 16(1): 13-17. 
Read, M., Engels, E. & Smith, W. (1986c). Phosphorus and the grazing ruminant 4. Blood and faecal 
grab samples as indicators of the P status of cattle. South African Journal of Animal Science 
16(1): 18-22. 
Rose, A. L. (1948). Problems confronting animal industry in Northern Australia. Australian Veterinary 
Journal (August): 204-220. 
Rose, A. L. (1954). Osteomalacia in the Northern Territory. Australian Veterinary Journal (June): 172-
177. 
Scanlan, J., Cowley, R., Pahl, L., Whish, G. & MacLeod, N. (2011).Ptential impacts of projected climate 
change on safe carrying capacities for extensive grazing lands of northern Australia. In 19th 
International Congress on Modelling and Simulation, 870-876 Perth, Australia. 
Senft, R. L., Coughenour, M. B., Bailey, D. W., Rittenhouse, L. R., Sala, O. E. & Swift, D. M. (1987). 
Large Herbivore Foraging and Ecological Hierarchies. BioScience 37(11): 789-799. 
Smith, P. (1996). Phosphorus supplementation of breeders grazing country marginal in phosphorus. 
cited in Haskall, P. (2000), "Beef Cattle Performance: a summary of recent research", 
Department of Primary Industries, Queensland, Brisbane: 49. 
Sullivan, R. M., MacDonald, N., La Fontaine, D. & Cobiac, M. (2000).Adapting the Best Bet system to 
increase profit. In Northern Australia Beef Industry Conference, 107-111 (Ed N. T. DPIF). 
Kununurra, WA. 
Sullivan, R. M. & O'Rourke, P. K. (1997). A comparison of once- and twice-yearly weaning of an 
extensive herd in northern Australia 1. Cow liveweights, mortalities and fertility. Australian 
Journal of Experimental Agriculture 37(3): 279-286. 
Ternouth, J., Bortolussi, G., Coates, D., Hendricksen, R. & McLean, R. (1996). The phosphorus 
requirements of growing cattle consuming forage diets. J. Agric. Sci., Camb. 126: 501-510. 
Ternouth, J. & Coates, D. (1997). Phosphorus homeostasis in grazing breeder cattle. J. Agric. Sci., 
Camb. 128: 331-337. 
Ternouth, J. & Sevilla, C. (1990). The effects of low levels of dietary phosphorus upon the dry matter 
intake and metabolism of lambs. Australian Journal of Agricultural Research 41(1): 175-184. 
Ternouth, J. H. (1989). The endogenous losses of phosphorus by sheep. Journal of Agricultural 
Science 113: 291-297. 
Ternouth, J. H. (1990). Phosphorus and beef production in northern Australia. 3. Phosphorus in cattle 
- a review. Tropical Grasslands 24: 159-169. 
Theiler, A., Green, H. H. & du Toit, P. J. (1928). Studies in mineral metabolism. III. Breeding of cattle 
on phosphorus deficient pasture. The Journal of Agricultural Science 18(03): 369-371. 
Tuen, A., Wadsworth, J. C. & Murray, M. (1984). Absorption of calcium and phosphorus by growing 
cattle during dietary protein deficiency. Proceedings of the Nutrition Society of Australia 9: 
144-147. 
Valk, H., Šebek, L. B. J. & Beynen, A. C. (2002). Influence of Phosphorus Intake on Excretion and 
Blood Plasma and Saliva Concentrations of Phosphorus in Dairy Cows. Journal of Dairy 
Science 85(10): 2642-2649. 
149 | P a g e  
M . P h i l .  –  W h i t n e y  D o l l e m o r e  –  4 1 0 1 4 8 8 6  
Wadsworth, J. C., McLean, R., Coates, D. & Winter, W. (1990). Phosphorus and beef production in 
northern Australia. 5. Animal phosphorus status and diagnosis. Tropical Grasslands 24: 185-
196. 
Ward, H. (1968). Supplementation of beef cows grazing on veld. Rhodesia Journal of Agricultural 
Research (6): 93-101. 
White, S., Miller, C. & Ternouth, J. (1996). Bone metabolism markers as indicators of phosphorus 
deficiency in breeding cows. Proc. Aust. Soc. Anim. Prod. 21: 439. 
Williams, S., Lawrence, L., McDowell, L., Wilkinson, N., Ferguson, P. & Warnick, A. (1991). Criteria to 
evaluate bone mineralization in cattle: I. Effect of dietary phosphorus on chemical, physical, 
and mechanical properties. Journal of Animal Science 69: 1232-1242. 
Williams, S. N., Lawrence, L. A., McDowell, L. R., Warnick, A. C. & Wilkinson, N. S. (1990). Dietary 
Phosphorus Concentrations Related to Breaking Load and Chemical Bone Properties in 
Heifers. Journal of Dairy Science 73(4): 1100-1106. 
Winks, L. (1990). Phosphorus and beef production in northern Australia. 2. Responses to phosphorus 
by ruminants - a review. Tropical Grasslands 24: 140-158. 
Winks, L. & Laing, A. (1972). Urea, phosphorus and molasses supplements for grazing beef weaners. 
Proceedings of the Australian Society of Animal Production 9: 522-529. 
Winks, L., Lamberth, F. & O'Rourke, P. (1977). The effect of a phosphorus supplement on the 
performance of steers grazing Townsville stylo-based pasture in north Queensland. 
Australian Journal of Experimental Agriculture 17(86): 357-366. 
Winter, W. (1988). Supplementation of steers grazing Stylosanthes hamata pastures at Katherine, 
Northern Territory. Australian Journal of Experimental Agriculture 28(6): 669-682. 
Winter, W., Coates, D., Hendricksen, R., Kerridge, P. C., McLean, R. & Miller, C. (1990). Phosphorus 
and beef production in northern Australia. 4. The response of cattle to fertiliser and 
supplementary phosphorus. Tropical Grasslands 24: 170-184. 
Witt, K. & Owens, F. (1983). Phosphorus: Ruminal Availability and Effects on Digestion. Journal of 
Animal Science 56(4): 930-937. 
Zarcinas, B. A., Cartwright, B. & Spouncer, L. R. (1987). Nitric acid digestion and multi-element 
analysis of plant material by inductively coupled plasma spectrometry. Communications in 
Soil Science and Plant Analysis 18(1): 131-146. 
Zotti, A., Gianesella, M., Ceccato, C. & Morgante, M. (2010). Physiological values and factors 
affecting the metacarpalbone density of healthy feedlot beef cattle as measured by dual-





Appendix 1: Summary of Research into the responses to P supplementation adapted from Winks (1990). 
Response 
variable Reference Type of Animal Dietary Composition Supplement P Response       
N P 
(%) (%) (g/day) (%) 
DMI 
Webb, K et al 
(1975) Hereford Steers 2.24 0.15 3.8 52* 
2.24 0.12 3.8 31* 
Little, D (1980) 
Hereford and 
BrahX weaners 1.8 0.12 5 -3 
Little, D (1968) 
Brahman X 
yearlings 1.6 0.07 4 12* 
8 15* 
Fishwick, G (1977) 
Preg Hereford X 
cows 1.3 0.18 12 15* 
5 8 
post calving 0 35** 
Teleni, A (1977) 
Lactating BrahX 
cows 1.3 0.08 25.8 8 
BrahX cows 1.17 0.09 25.8 2 






Van Niekerk, B and 
Jacobs, G (1985) B. taurus steers 0.5 0.07 5.8 -7 
1.2 0.08 4.8 2 
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Long, T (1956) Hereford steers N.A 0.09 0.05% 26 
0.05% 56 
Long, T (1957) Hereford steers N.A 0.09 0.05% 44** 
0.10% 44** 
Hereford steers N.A 0.07 0.04% 37** 
0.08% 61** 
Hereford steers N.A 0.07 0.08% 46* 
Bass, J (1981) 
Preg Hereford 
cows 0.8 0.08 3.7 3 
post calving 35** 
Playne, M (1969) 
Merino wethers 
(S.humilis, 
Heteropogon) 1.83 0.08 1.02 45* 
1 0.08 1.02 0 
Read, M (1986) 
Grazing 
Bonsmara heifers Marginal site N.A 1 
P deficient site 11 63** 
LWG Reference Location 
Durati
on Animals Treatments 
Liveweight 
gain (kg)       




days Hereford heifers 
Control (?%N, 
0.09%P) 18 
+0.05% P as 
colloidal clay 26 
+0.05%P as DCP 66** 




days Hereford steers 
Control (?%N, 
0.09%P) 10 
+0.05% P 58* 
+0.10% P 64* 
99 
days Hereford steers 
Control (?%N, 
0.09%P) 14 
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+0.04% P 36* 
+0.08% P 46* 
99 
days Hereford heifers 
Control (?%N, 
0.09%P) 6 
+0.08% P bone 
meal 53* 
+0.08% P rock 
phosphate 61* 
+0.08% P as DCP 54* 






Control (1.6% N, 
0.07% P) 7 
S. humilis hay +4g P/d 14 
+8g P/d 14 





s Angus steers 
Control (1.3% N, 
0.05% P) -11 
Carpet grass 2-8g P/d -6 
Webb, KE (1975) Virginia Feedlot 
3 
mont
hs Hereford steers 
Control (2.24% N, 
0.15% P) 13 
+3.8g P 65* 
7 
mont
hs Hereford steers 
Control (2.24% N, 
0.12% P) 130 
+8.4g P 189* 







Control (1.8% N, 
0.12% P) 37 
S. humilis hay + P supp 41 
Elliott, RC (1960) Rhodesia Angus yearlings Control -2.3 
Cornstover/Maize silage +Co, Cu, P 6.8 
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+0.7kg cottonseed 
cake (CSC) 50.2 
+0.7 kg CSC + Co, 
Cu, P 60.1 
+1.4kg CSC 70 
+1.4kg CSC +Co, 










Straw, grain, cottonseed 
hulls 
Control (1.3% N, 
0.09% P) 28 1 
+12g P 45 24** 
+12g P (Intake = 
control) 36 27** 
Van Niekerk, BDH 
and Jacobs, GA 
(1985) South Africa 
10 
week
s British X steers 
Control (0.5% N, 
0.07% P) -19 
Cane tops +5.8g P lick -21 
Control (1.2% N, 
0.08% P) -5 
+4.8g P lick -7 
Grazing studies Turner, AW (1935) Charters Towers 
8 
mont
hs Shorthorn cattle Control 50       
Native pastures 
Disod. Phospahte 
(in water) 100 





hs Shorthorn steers Control 33.6 
Native pasture 
+5g P/d (fed 
fortnightly) 45.5* 
Bisschop, JHR Vyburg, South 28 beef steers Control 131 
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(1964) Africa mont
hs 
Native pasture 60g bonemeal/d 383*** 











5.7 P/d (in water) 311*** 
Elliott, RC (1960) Rhodesia 
137 
days  Afrikander cows Control 2.7 
veld grazing 
(winte
r) +Co, Cu -13.7 
+7g P/d 27.4 
+7g P/d + Co, Cu 12.3 
Murray, CA and 
Romyn, AE (1937) Rhodesia 
25 
mont
hs Hereford steers Control 166.8 
veld grazing +30g DCP/d 165.9 
+90g bonemeal/d 150 
+22g blood meal/d 169.5 





shorthorn steers Control 160.5 
veld grazing +20g DCP/d 165.9 





Louw, GN and 
Steenkamp, E Northern Natal 
21 
mont Beef steers Salt 180 
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(1971) hs 
Salt +P 193* 
Rumevite lick 215** 
Rhodes, FB (1956) Rhodesia 
35 
mont
hs Sussex steers Control 259.5 
veld grazing  +90g bonemeal/d 270.5 
+30g salt/d 323.6* 








hs Shorthorn steers Control 156.8 
veld grazing  
+0.7kg peanut 
meal/d 195.5 
7g iron oxide 234.1 
+0.7 kg peanut 
meal + bonemeal + 





hs Angus steers Control 90 
Carpet grass +35g P/week 86 
+70g P/week 72 
Winks, L (1976) Swan's Lagoon 
3 
years Zebu X weaners Jul-Oct 
Jul-
May 
Native pasture Control 0 131 
Molasses (0.23kg/d, 
Jul-Oct) 1 128 
M + Phos Acid (5g -6 131 
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P) 
M + Urea (56g) 12 137 
M + Urea + PA 5 132 
Jul-Nov Jul-Apr 
Control 1 107 
Molasses (Jul-Nov) 3 109 
M + PA -3 99 
M+ Super (5g P 




Control -25 78 
Molasses (Jul-Nov) -22 76 
M + PA -24 84 
M + MAP (5g P 
supernatant) -25 92 
Winks, L (1979) Swan's Lagoon 
3 





Native pasture Control 49 187 
Molasses (0.23kg/d, 
Jan-Oct) 58 187 
M + PA (5g P) 43 177 
M + Urea (56g) 83 212 





Control 85 187 
Molasses (Dec-
Nov) 71 187 
M + PA 65 187 
M + Super (5g P) 94 192 
Feb72- Feb72-
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Nov72 May73 
Control -9 124 
Molasses (Feb-
Nov) -8 114 
M + PA -16 119 
M + MAP (5g P) -3 124 
Black, WH (1943) Texas 
11 
mont
hs Brahman X heifers Control 98 
Native pasture 
+ Bonemeal (6.5-
14g P/d) 136** 
+ Sodium phos. 
(6.5-14g P/d) 148** 
+ Bonemeal + trace 
elements 134** 





steers and heifers Control 75 
Native pasture 






hs Brahman X heifers Control 29 
Native pasture +Cobalt 29 
+Copper 24 
+ Cobalt and 
Copper 31 
+P + Co + Cu 134* 
8 
mont
hs Brahman X heifers Control -2.6 
+ ad lib P 26 
Winter, WH (1987) Katherine 
4 
years Brahman X steers Control 21 
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Native pasture 
Fire (half burnt 
annually) 47 
Salt + trace 
elements 46 
Fire + salt + trace 
elements 66 
Fire + salt + trace 
elements + NPS 
mix 134 
Holm, A and 
Payne, AL (1980) Derby 
33 
mont










Holm, A (1981) Fitzroy crossing 
5 
years Shorthorn weaners 
Oct 71-
May 72 






Sep 72 - 
Apr 73 
Control 57 
+P (10g/d) 68 P1>P0* 
+NS (14 gN/d) 62 
+NPS ( 10g P + 14g 
N/d) 72 
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+ P (7g/d) 
107 
P1>P0*** 
+NS (16g N/d) 88 





+P (6gP/d) 69 P1>P0* 
+NS (9gN/d) 42 




Mutch, CB (pers. 
comm. to Winks 
(1990)) Charters Towers 
23 
mont
hs Brahman X steers Native pasture 166 
Native pasture NP + P supp (6g P) 235* 
NP + super 
(fertiliser) 214* 
Winks, L (1977) Swan's Lagoon 
40 
mont
hs Brahman X and Shorthorn steers 
Jan 70-
May 70 
Native pasture and S. Humilis with and without 
superphosphate fertiliser Native pasture 105 
NP+P supp (6g P) 130 
NP+Stylo 139 




May 70- Nov 
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Nov 70 70-May 
71 
Native pasture -21 118 
NP+P supp -25 114 
NP+Stylo 4 116 
NP+Stylo+P supp 6 138 
NP+Stylo+Super 13 140 
NP+Stylo+Super+P 






Native pasture -14 112 
NP+P supp -28 130 
NP+Stylo 3 110 
NP+Stylo+P supp 13 146 
NP+Stylo+Super 33 144 
NP+Stylo+Super+P 






Native pasture -51 110 
NP+P supp -28 130 
NP+Stylo -37 99 
NP+Stylo+P supp -31 130 
NP+Stylo+super -34 147 
NP+Stylo+Super+P 
supp -29 145 
Superphosphat




weaners Factorial design         
Heteropogon contortus+ Trees cleared 131** 
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S. Humilis 
Trees uncleared 95 
No fertiliser 104 
125g super/ha/yr 122* 
0.21 steers/ha 122* 
0.42 steers/ha 104 
Winks, L (1974) Swan's Lagoon 
41 
mont
hs Shorthorn steers 
Native pasture 0.25 
steers/ha 40.2 
H. contortus and H. 






0.41 steers/ha 122.8* 
NP+Stylo+Super 
0.82 steers/ha 30.8 




Brahman X steers Factorial design 
H. contortus Superphosphate 89 
No superphosphate 93 
Discing 104* 
No Discing 75 
Shaw, N and 't 
Mannetje, L (1970) Rodd's Bay 
7 
years Hereford steers 
Native pasture 0.11 
steers/ha 83 
H. contortus and H. 
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NP+Stylo+Super 
0.31-0.50 steers/ha 149 
Graham, T and 
Mayer, B (1972) Townsville 
4 
years Brahman X steers 
Native pasture 0.39 
steers/ha 112 
H. contortus and H. 
contortus+ S. Humilis 
NP+Stylo (strips) 
0.79 steers/ha 104 
NP+Sylo overall 































bulls Factorial design 
Total 
gains 
Panicum maximum, stylo, 
cento, puero 2 bulls/ha 285 
4 bulls/ha 262 
6 bulls/ha 184 
20kg/ha rock 
phosphate 231 
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20kg/ha triple super 247 









1975-79 1 2 3 
Nil fertiliser 109 94 78 
10kg P/ha 147 121 95 




Nil fertiliser 112 95 79 
8kg P/ha 143 114 84 
15kg P/ha 142 132 
12
1 
Evans, TR and 
Bryan WW (1973) Beerwah 
6 
years Hereford steers Factorial design 
Imp. Grass/legume 
pasture 1.23 steers/ha 215 
1.65 steers/ha 180 
2.47 steers/ha 131 
125 kg/ha super 146 




Norman, MJT and 
Stewart, GA (1967) Katherine 
3 dry 
seaso
ns Shorthorn steers Native pasture (7d) -34       
Native pasture/S. Humilis NP (5d) - Stylo (2d) -9 
NP (3d) - Stylo (4d) 16 
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Native pasture (N)/S. 
Humilis (S) NP-NP-S-S-S 227.7 966 
NP-NP-S-NP-S 106.4 1324 
S-NP-NP-NP-S 85.4 1352 
S-NP-S-NP-S 141.4 1120 
S-S-NP-NP-S 151.4 994 
S-S-S-S 285 630 
Winks, L 
(unpublished) Swan's Lagoon 
4 
years Brahman X steers Native Pasture (NP) 104.5 
Native pasture/S. Humilis 
+ super 80% NP/20% Stylo 148.9 
60% NP/40% Stylo 156.3 
40% NP/ 60% Stylo 167.3 
20% NP/80% Stylo 167 
100% Stylo 174.2 
Reproducing 
animals           
Pregnancy 
Rate       
Holroyd, RG (1983) Swan's Lagoon 
4 








S. Humilis + 






NP - Stylo and 






Control 71.3 97.4 87 9
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.2 0.
5 






+ urea in dry/P 






Holroyd, RG (1977) Swan's Lagoon 
4 




S. Humilis + 
superphosphate 
Lactating July - 
March Native pasture 42.9 64.3 
23
.1 
+ Molasses 62.5 71.4 
18
.8 
+ M + 5g P/d (wet) 87.5* 94.1* 
22
.2 
+ M + Urea (dry) 87.5* 100* 
36
.8 
+ M + U (dry) + P 
(wet) 81.3 88* 50 
+ M +U + P (dry) 87.5* 94.4 
47
.4 
NP + Stylo + Super 62.5 92.9 
55
.6 
+ M 87.5 78.9 50 
+ M + P (wet) 75 87.5 
61
.1 
+ M + U (dry) 87.5 88.2 
70
.6 
+ M + U (dry) + P 
(wet) 93.3 100 70 
+ M + U + P (dry) 68.8 80 
82
.4 
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Sussex cows Control 48 
Native pasture 90g bonemeal/d 67 
120g bonemeal/d 67 
150g bonemeal/d 68 
Plasto, AW (pers. 
comm. to Winks, 
1990) Hungerford 
4 
years Shorthorn cows Control 94.1 
Mulga country 3-5g P/hd/d 90.3 
Mutch, CB (pers. 
comm. to Winks, 











Native pasture Control 53.7 54.3 
54
.5 










Ward, HK (1968) Rhodesia 
6 
years Mashona cows Control 31.5 
Native pasture + Bonemeal 48.0* 
+ peanut cake 74.1** 
+ peanut cake + 
Bonemeal 76.7** 
Scharp, DW (1979) Hunter Valley 
3 




crop/grass Control (years 1-2) 36.5 38.4 - 
+ P supp - - 
63
.2 
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Black, WH (1943) Texas 
2 
years Brahman X cows Yr1 Yr2 
Native pasture Control 88 39.1 
+ Bonemeal (6.5-14 
gP/d) 100 66.7 
+ sodium phos. (6-
14 gP/d) 91.7 78.3 
+ Bonemeal + trace 
elements 92 81.8 
Hart, D and 
Mitchell, GL (1965) Barkly Tableland 
18 
mont
hs Beef breeders Control 41.4 
Mitchell/Flinders pasture + 8g P/hd/d 60 
Theiler, A (1928) South Africa Beef breeders Control 51 
Native pasture +Bonemeal 80 
Read, MVP (1986) South Africa 
67 
mont






Native pasture NP + salt 75 43.1 
NP + salt + P 86.6 78.1 
Louw, GN (1979) Natal 
2 
years Afrikander X cows NP + salt 59.5 
Native pasture NP + salt + 6gP/d 60 
NP + salt + 12gP/d 70 
NP + Rumevite lick 89 




years Beef cows No phosphorus 61.7 
pasture and 
silage P supplement 88.7 
Judkins, MB (1985) New Mexico 
5 
years 
Angus X Hereford 
cows NP + salt 88 
Native pasture NP + salt + P 89 
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years Beef breeders Control 64.7 
Carpet grass 
+ 10gP + 50g 
Molasses/hd/d 76.5 
+ 10gP +500g M + 
50g Urea 67.7 
+7gP +450g linseed 
meal 79.4 
Siebert, BD (1976) Townsville 
5 
years Droughtmaster heifers (first pregnancy) 1970 1971 
19
72 
Heteropogon contortus+ S. Humilis + previous 
superphosphate Control 
No sig diff between 
means 15 
+ P 
No sig diff between 
means 7 
+ N + S + Na 83 18 
+ N + S + Na + P 79 11 




cows Factorial design         
Heteropogon contortus+ 
S. Humilis 0.83 cows/ha 75 
0.42 cows/ha 75 
no superphosphate 66 
125kg/ha/yr 73 
375kg/ha/yr 84*** 
Daily Milk Yield (Kg) 
Allen, PJ (1972) Swan's Lagoon 
1 





H. contortus and H. contortus+ S. Humilis + 
super Native pasture 3.33 4.36 
NP - S. humilis 3.33 4.38 
no supplement 2.62 3.97 
All supplements 3.47** 4.45* 
No urea (dry 3.21 4.3 
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Urea (dry) 3.61* 4.38 
Other supplements 3.41 4.34 
P + urea (dry) 3.7 4.91* 
No P (wet) - 4.1 
P (wet) - 4.57* 




days Friesian cows Clover pasture 11.7 
Trifolium alexandrium 




year Friesian cows Factorial design 
Panicum/Neonotonia/Pen
nisetum pasture Molasses 3.5 kg/d - 14.8* 
Molasses 0.5 kg/d - 12.9 
No phosphorus - 13.3 






Holroyd, RG (1979) Swan's Lagoon 
3 
years 
Brahman X and 
Shorthorn cows Control 4.2 149.7 
H. contortus and H. contortus+ S. Humilis + 
super Molasses 4.06 143 
M + P (wet) 4.35 149.8 
M + Urea (dry) 4.23 148.9 
M + P (wet) + U 
(dry) 4.38 152.1 
M + P (dry) + U 
(dry) 4.39 146.5 
NP 4.23 141.2 
NP - Stylo 4.31 152.3* 
Holroyd, RG (1983) Swan's Lagoon 4 Brahman X cows NP - 166 
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years 
H. contortus and H. contortus+ S. Humilis + 
super NP - Stylo - 183.5* 
Control - 176 
+ urea in dry - 173.5 
+ urea in dry/P 




years Beef cows Control - 156 
carpet grass 
+10gP + 50 
gMolasses/hd/d - 148 
+10gP + 50g Urea 
+ 500gM - 155 
+7gP +450g 
Linseed meal - 168 
Judkins, MB (1985) New Mexico 
5 
years 
Angus X Hereford 
cows NP + Salt - 234 










Sussex cows Control - 118.2 
Native pasture 90g bonemeal/d - 148.2** 
120g bonemeal/d - 151.4** 
150g bonemeal/d - 151.8** 
Read, MVP (1986) South Africa 
67 
mont






Native pasture NP + Salt 222 181.8 
NP + salt + P  240.6 231.8 
Black, WH (1943) Texas 
2 
years Brahman X cows Control - 193.4 
Native pasture 
+ bonemeal (6.5-
14gP/d) - 224.8* 
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+ sodium phos (6.5-
14gP/d) - 230.4** 
+ bonemeal + trace 
elements - 219 
Ward, HK (1968) Rhodesia 
6 
years Mashona cows Control - 122.5 
Native pasture + bonemeal - 131.8 
+ peanut cake - 135.5 
+ peanut cake + 
bone meal - 146.4 
fertiliser - 
weaning weight Loxton, ID (1983) Swan's Lagoon 
2 
years Brahman X cows Stylo   143     
S.Humilis pasture Stylo + super 161.2 




cows Factorial design 
S.Humilis pasture 0.83 cows/ha 187.5 
0.42 cows/ha 199.3 
no superphosphate 180.2 
125kg/ha/yr 197.9 
375kg/ha/yr 202.5 




cows NP + Stylo 168.2 
    
H. contortus and S. 
Humilis pasture 































2.   Longitude and Latitude of Homestead 
















4.   Property Size 









5.   Estimated property value 
 
$ per ha 
 
$ per beast area 
 
 















9.   Water is generally supplied to stock from which of the following? 
 
mlj Dams/Rivers/Creeks (catchment and runoff) 
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mlj Bores 



























12. Do you have a significant tick population? 
 
mlj Yes mlj No 
 
 




















15. Do you consider dingoes are having an impact on the productivity of your breeding herd? 
 
mlj Yes mlj No 
 
 


















Property Personnel Details 
 
Names and Positions of Employees that will be involved with various parts of the project 
 





















































































Overall Herd Management Details 
 
24. Mustering Techniques 
Select all that apply 
 
fec Helicopter fec 











25. Estimated Mustering efficiency (%) 





26. Main factors affecting mustering efficiency 
 
 
fec Weather fec 
Personnel fec Tree Cover 
fec Certain paddocks 
 
fec Time of Year 
 
fec Other, please specify 






























fec Segregation on pregnancy 
 
fec Segregation on lactation 
 











30. On the property where the breeders are run, what is the average weight gain per year of yearlings? 


















31. Describe monthly activities 
 
 Dry-Sup Wet-Sup 

















































































 179 | P a g e  
 
 











35. Security from Bulls 
 




























37. Joiner heifer selection protocol 
 
 
Time of year (month): 
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Management Joining to Weaning 
 
 
40. Describe monthly activities 
 
Mating Calving Branding Weaning PregTest Dry- Sup Mating Calving 































































Jul fec fec fec fec fec fec fec 
Aug fec fec fec fec fec fec fec 
Sep fec fec fec fec fec fec fec 
Oct fec fec fec fec fec fec fec 
Nov fec fec fec fec fec fec fec 
Dec fec fec fec fec fec fec fec 
 
 





































43. Paddocks (General Description) 


































fec fec fec 
May fec fec fec fec fec 
Jun fec fec fec fec fec 
Jul fec fec fec fec fec 
Aug fec fec fec fec fec 
Sep fec fec fec fec fec 
Oct fec fec fec fec fec 
Nov 
Dec 
























Mature Breeder Management 
 



























































47. Age Structure of Breeding Herd (if available) 
 
 








































50. Dominant Months of Calving 
 
fec Jul cfe Aug cef Sep fce Oct cfe Nov cfe Dec cfe Jan fec Feb fec Mar fec Apr fec May fec Jun 
 
 
51. Main Income Generator 
 
mlj Sale of Weaners 
 
mlj Sale of Feeder Heifers and Steers 
 
mlj Sale of cull cows and bulls 
 
mlj Sale of bullocks 
 
mlj Other, please specify 















52. Objective of Genetic Strategy 
 
 



















fec Stable breed 
 




fec ad hoc 
 









Recent/Current subfertility investigations 
Page 8 
 
55. Have any recent investigations into causes of lower than expected reproductive performance of breeder mobs 
been conducted on this property? 
 
mlj Yes mlj No 
 
 
56. If yes to the previous question, what were the major findings?





Tools and External influences 
 










































60. Is there any previous data available and can the project management team have access to it? 
 
 
Data Available (Yes/No) Access Allowed (Yes/No)  
Herd Number and Structure 
 











61. Other comments relating to data available 
eg. could be what programs currently have data stored. 
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Appendix 3: Univariate analysis of factor variables on likelihood of FP: ME< 
500mgP/MJME. 




95% CI of OR p-value 
Herds 




(n) Lower Upper   
Country-type 77 118 195 
   
P<0.001 75 
Southern Forest 32 21 53 1.47 0.26 8.32 0.66 
 
Central Forest 27 13 40 Referent 
 
Northern Downs 11 24 35 9.54 1.27 71.72 0.03 
 
Northern Forest 7 60 67 84.32 9.07 783.92 <0.01 
 
Provisional P Sup 77 117 194 0.004 75 
0 59 54 113 Referent 
1 18 63 81 4.61 1.61 13.2 <0.01 
Duration P Sup 77 117 194 0.006 75 
≤1m 71 81 152 Referent 
>1m 6 36 42 10.34 1.94 55.21 <0.01 
Average supplement intake 77 118 195 
   
0.21 75 
<2.5 61 73 134 Referent 
2.5 to <5 10 14 24 0.74 0.16 3.49 0.7 
5 to <7.5 4 8 12 2.14 0.26 17.85 0.48 
7.5 to <10 1 10 11 21.61 0.86 544.78 0.06 
10+ 1 13 14 6.63 0.43 103.16 0.18 
Delivery method 26 69 95 
   
0.32 53 
Block 1 9 10 16.63 0.7 397.79 0.08 
Loose 16 47 63 3.99 0.63 25.34 0.14 
Molasses based 6 6 12 Referent 
Other 3 7 10 3.14 0.25 39.76 0.38 
Stocking intensity 67 89 156 0.05 61 
<0.25 18 46 64 4.64 1.17 18.39 0.03 
0.25 to <0.5 26 23 49 1.28 0.35 4.67 0.71 
>0.5 23 20 43 Referent 
Beast watered area 67 89 156 0.02 61 
<1.5 13 16 29 5.89 0.89 39.09 0.07 
1.5 to <3 20 20 40 2.09 0.45 9.82 0.35 
3 to <4.5 20 9 29 Referent 
4.5 to <6 5 6 11 4.5 0.58 34.77 0.15 
6+ 9 38 47 18.25 3.19 104.46 0 
Min dry pasture 64 99 163 
   
0.86 70 
<1000 10 15 25 1.83 0.29 11.57 0.52 
1000 to <2000 22 28 50 Referent 
2000 to <3000 23 39 62 1.47 0.36 6 0.59 
3000+ 9 17 26 2.03 0.31 13.56 0.46 
Dry pasture quality 58 71 129 0.01 75 
Not adequate 26 15 41 Referent 
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Adequate 32 56 88 5.2 1.48 18.28 0.01 
Min wet pasture 72 111 183 0.02 72 
<1000 5 23 28 35.36 3.35 372.73 <0.01 
1000 to <2000 29 49 78 6.56 1.32 32.66 0.02 
2000 to <3000 18 25 43 3.57 0.73 17.57 0.12 
3000+ 20 14 34 Referent 
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(n) Lower Upper   
Percentage of paddock burnt 8 17 25 
   
0.3 
 
<25% 1 8 9 21.72 0.07 6975.89 0.3 
25%+ 7 9 16 Referent 
DMD:CP 77 117 194 0.12 75 
>8:1 (<0.125) 8 27 35 7.82 1.37 44.69 0.02 
>7:1 to 8:1 (0.125 to 
0.143) 24 28 52 1.92 0.44 8.47 0.39 
>6:1 to 7:1 (0.143 to 
0.167) 28 49 77 2.95 0.78 11.21 0.11 
<=6:1 (>=0.167) 17 13 30 Referent 
Percentage annual lactation 75 108 183 0.005 72 
<50% 14 37 51 14.92 2.89 77.1 <0.01 
50 to 65% 15 23 38 4.97 0.93 26.69 0.06 
65 to 80%  14 33 47 13.71 2.66 70.69 <0.01 
>= 80% 32 15 47 Referent 
Percentage lactation wet 53 74 127 
   
0.89 69 
<25 7 11 18 1.63 0.32 8.28 0.56 
25 to <50 16 21 37 1.06 0.3 3.77 0.93 
50 to <75 19 25 44 Referent 
>=75 11 17 28 1.57 0.38 6.53 0.54 
Heifers 53 74 127 
   
0.26 69 
<25 22 36 58 1.88 0.53 6.7 0.33 
25 to <50 14 26 40 3.13 0.81 12.2 0.1 
>=50% 17 12 29 Reference 
Aged cows 77 118 195 
   
0.41 75 
<5% 44 74 118 4.35 0.49 38.78 0.19 
5 to 20% 26 35 61 2.87 0.33 24.75 0.34 
>=20% 7 9 16 
Average annual rainfall 77 118 195 0.06 75 
<600 45 49 94 1.36 0.18 10.14 0.77 
600 to <700 17 17 34 Referent 
700 to <800 10 21 31 3.94 0.31 50.8 0.29 
>=800 5 31 36 26.06 1.73 391.89 0.02 
Early wet season onset 74 113 187 <0.01 70 
No 14 66 80 7.64 2.69 21.74 <0.01 
Yes 60 47 107 Referent 
Long wet season 74 113 187 0.001 70 
No 24 76 100 4.82 1.87 12.44 <0.01 
Yes 50 37 87 Referent 
Soil P categories 73 114 187 0.001 69 
Acute 12 66 78 36.66 5.45 246.59 <0.01 
Marginal 23 22 45 1.91 0.36 10.15 0.45 
Adequate 38 26 64 Referent 
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